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USE OF FT- IR AND NMR SPECTRA OF THE THF EXTRACTS OF 
MI D- RANK BITUMINOUS COALS TO PREDICT PLASTICITY 
Samuel AdesoJi Irefin August 198~ 83 pages 
Directed by: John W. Reasoner, William G. Lloyd, Rita K. 
Hessley and Laurence J . Boucher 
Department of Chemistry Western Kentucky University 
Plas ticity , which typically develops at 380-~ 20oC , is a 
unique property of mid - ranked coals . The phenomenon of 
plasticity in coals has been known for a l ong time but is 
still poorly understood. EVen among coals of identical sub -
rank and chemical composition, l arge differences in plastic 
behavior a re commonly encountered. Plasti c coals go through 
a softening and swelling state upon heating before they 
resolidify . Concurrent with the plastic state of the coal, 
thermal decomposition of the coal takes place. 
The Coking ability of a coal can be directly related to 
the p~asticity of the coal . In liquefaction reactions , 
plastic coals tend to give higher yields than nonplast i c coals , 
a fact very useful in the synfuel industry . Plastic coals , 
however , tend to agglomerate in fluidized bed reactors thereby 
impairing their function . Current l y, the ASTM approved method 
Used to determine plasticity is by means of a Gieseler plas-
tometer. Giese l ers are inconsistent;therefore, an easier and 
more efficient method is needed. 
vii i 
A current and widely accepted idea is that the extrac t _ 
able portion of the mid-ranked coal is responsible for 
initiating the plast1city mechanism. It has been shown that 
plasticity can be correlated to the total aliphatic C- H content 
of a bituminous coal. This extractable portion is the bitumen 
in the coal. It is logical, then , to assume that the bitumen 
in the coal could be analyzed for the aliphatic content and 
be used as a predictor of plasticity . 
Tetrahydrofuran (THF) was used as the solvent for the 
Soxhlet extraction of 40 hig hly characterized bituminous coals . 
The extracts were purified and anlyzed by Fourier Transform 
Infrared Spectroscopy and Proton Magnetic Resonance Spec troscopy . 
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CHAP':'ER I 
INTRODUCTION 
When heated in an ine rt atmosphere to around 350- 450
oC
, 
particles of certain bituminous coals soften and become 
de f ormable, characteristics that are attributable to plastic 
substances . The plasticity of a c oal is a characteristic 
that is difficult to measure . The only method that is used 
at the present time to obtain fluidity measurements is one 
using a Gieseler plastometer. However, Giese ler s are inc on-
sistent,and r e liable data is diffic ult to obtain . A method 
which is consistent, inexpensive and relatively simple is 
needed to measure or predict plasticity of coals . 
Plastic ity results from the softening and swelling of 
some ~i tuminous coals as they are heated. The plastic state 
of the c oal is the softening and swelling state. Furthermore, 
the plastic state is transitory in nature, lasting a period 
of minutes or (more rar·e ly) hours. A sample of coal on c e 
taken through its plastic state is irreversibly altered; it 
will not become p lastic the second time. The mechanism of 
coal plasticity is not completely understood, but it is 
presently thought that it is the bitumen of the coal which 
serves as an initiator of the process. The bitumen of the 
coal is that part which is extractable with organic solvents. 
It is reasonable then to suspect that analy zing the bitumen 
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in a coal would yield information related to its plasticity. 
Solvent extraction was done using tetrahydrofuran as the 
solvent on 40 bituminous coals. These coals were thoroughly 
characterized. The extracts were then analyzed for the ali-
phatic content using Fourier Transform Infrared Spectropho_ 
tometry and Proton Nuclear Magnetic Resonance Spectroscopy . 
Tetrahydrofuran (THF) was chosen as the solvent because it is 
a good solvent for removing bitumen in coals. Furthermore, 
THF is eas ily removed from the coal extract after the 
extraction process. Consequently, t he coal extract can be 
analyzed using FT-IR and NMR without any interference by the 
so lvent. It was the intent of this research to prove that 
there is a correlation between the aliphatic content of a coal 
extract, using FT-IR and NMR, and its degree of plasticity. 
There are a number of reasons why the plasticity of a 
coal is important. Plastic coals are the prime COking coals. 
Coke manufacture is the second largest Use of coal today after 
the c n'~ ustion of coal. In liquefaction reactions, plastic 
coa ls tend to give higher liquefaction yields than nonplastic 
coals . Agg lomeration of coals in fluidi zed bed reactors can 
result from plastic coals and,as a consequence, the reaction 
process i s impaired. Plastic coals are therefore not welcome 
in the fluidized bed reactors. As a result of these examples, 
a consistent and inexpensive method of predicting the degree 
of plasticity in coals is needed. The importance of coal in 
the industrial world can never be overemphasized. 
CHAPTER II 
HISTORICAL 
When a mid-ranked coa l is heated in an inert a tmosphere, 
typically to 350-4 50oC, its par t icles soften and become 
deformable, a characteristic that i s attributab le to plastic 
and chemical c ha nges takes p l ace whereby the solid mass 
sUbs t ances. As the temper atu r e increases, a s e ries of physical 
in the formation of vOlatile " gases " within t he plastic 
lytic decomposition of the coa l substance takes p lac e resulting 
softens and becomes fluid . In this temperature range , py r o -
Coal i n this fluid o r " p lastic " state typically becomes more 
partic les, which lead to vacuole deve lopment a nd swelling . 
flu id with time , reaches a ma ximum fluidity, a nd eventually 
solidifie~ to a semicoke . 
The l rs t evidence of p las ticity in bituminous coal s was 
first obse~vQd in a fired coal fire fuel bed . Numerous 
investig ations throug h t he years have proved that there is a 
surface flow of the heated coal during the formation of coke. (1) 
In the c ommercia l utilization of coal, plasticity is 
ver y important since it is a g ood indi cator of the best 
coals to use in the COking processes. Basically, coke and 
it s properties are the r esult of the coal properties and the 
conditions use d to convert coal into coke . Therefore all 
parameters that influence the plastic stage and the properties 
of the plastic mass are important. (2) 
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High rluidity or coal and a wide Plastic range are 
unravorable ror operations in rlUidized bed reactors. 
ConseqUently, the Plas ticity or a coal is a good indicator 
or which coals are bett6P ror fluidized bed reactors. There 
is a tendency ror a plastic Coal to agglomerate in a 
fluidized bed reactor because Sortened plastic coal requires 
longer time to sOlidiry to semicoke under pr ocess Conditions . 
Also, plastic coals are more rluid and stiCky in the molten 
state __ a Condition not ravorable to rluidized bed reactors. (3) 
In liquefaction reactions , Plasticity data on coals could 
Play an important rOle. Plastic coals tend to g ive higher 
liqueraction yields than nonplastic Coals. (4) Curran et al . 
propOsed that Plasticity is essentially a transient , hYdrogen_ 
donor liqueraction process and that an understanding or plastic 
development may lead to insights into liqueraction mechanisms . (S) 
Plastic behaviol' is e ncountered on l y among the high_ 
vOlatile, medium-volatile, and low-volatile tituminous Coals. 
Max. ' · .u,m plasticity is manirested by medium- volatile bituminous 
Coals . These are the coals with 86- 89% carbon Content . 
However, there is no sharp dividing line between Plastic and 
nonplastic coals . ( 6) 
MicroscoPically, coal is compOsed or macerals. There are 
rour common maceral types rOund in Coal. These are vitrinite, 
eXinite , fusinite, and micrinite. Plasticity is exhibited 
only by the macerals exinite and Vitrinite; moreover , except 
ror a rew very unusual coals, only vitrinite in Coals or 
bituninous rank has plasti c ability.(7) 
As a general rUle , Plastic properties become eVident 
in coa l s when the Content of vOlatile matter exceeds 12-
1
5%, 
becomes more pronounced as the volatile Content increases to 
30- 35% , becomes l es s pronounced a nd then disappears when the 
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coal Contains abo ut 40% vOlatiles . In the same manner, coal 
Pl astiCity is related to coal porOSity. The most Plast ic 
coal s are also the least porous . Exceptions are found to 
these generali zations conCerning coa l PlastiCiti es . (8 ) 
Changes in ambient Conditions aff ect PlastiCity 
tremendoUsly. I ncreasing the heating rate will increase the 
maximum fluidity and the degr ee of swelling. It Will also 
raise the temperature at whi ch maximum fluidity a nd the onset 
of swelling are observed . Preheating the coal in an inert 
atmosPhere to temper atures less tha n 2000C for a periOd of 
time wil l steadily dec r ease fluidity and Swelling. The Plastic 
properties of high aS h Content Coals can be enhanced by 
reduCing their miner a l matter. OXidation will narrow the 
pIa t ic range and lower the maximum fluidity, and will 
event ua l ly destroy the Plastic behaVior. The coals being 
studied ShoUld, t heref ore, be stored under nitrogen in a 
freezer to help retard degradation of the coal and its 
Plastic properties . Mi l d hYdrogenation proadens the Plastic 
range a nd increases fluidity and swelling. Manifestations of 
Plast i City can be s uppressed by pyrOlYZing the coal in vacuo 
or by heating it under pressure. 
The dependency of coal PlastiCity on ambient conditions 
has made it extremely difficUlt to develop a comprehensive, 
s elf consistent t heory of PlastiCity . Various attempts have 
been made during the past lao years, and two Widely accepted 
Plausible mechanisms have emerged. 
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In 19
1
5, Wheeler and Jones(9) postulated that Plastic 
Coals Contain a fusible portion, Or bitumen, which is 
responSible for their SOftening and swelling . The bitumen 
POrtion is defined as that portion of the coal which is 
extractable with organic sOlvents. It is characteristically 
low in mOlecular weight, rich in hYdrogen, and melts at 
temperatures less than 200 0 C. 
In 1926, AUdibert(lO) suggested a homogeneous melting 
Of all the coal within its Plastic range. This obserVation 
supported the bitumen theory, but may be misleading, as thl, 
Phenomenon might OCCur only in the case of high concentration 
of such a maceral component as pure Vitrinite. 
The other major theory was Postulated by Van Krevelen 
and his aSSociates. (11,12,13,14) They POstulated a mathe_ 
mat ical mOdel for the carbonization process. An unstable 
intermediate product, "metaplast ," is formed during the first 
peaction . This is a depolymeriZation reaction, and the 
metaplast formed is re sponsible for the Plastic behavior. 
A cracking process fOll ows in which nonaromatic groups are 
split off. Recondensation of the ~etaplast then occurs, 
and a semi cOke is formed . The last reaction is a seCondary 
degasification in which the semi cOke units POlymerize, methane 
evolves, and, at higher temperatures, hYdrogen is evolved 
concurrently with cOke formation. 
This theory is sUPPOrted by the work of other sCientists. 
Brown and Brown(15,16) have shown the sUbstantial effects of 
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heating rates upon plasticity, effects which are consistent 
with pyrolytic reactions but not with simple melting. 
More recently Neavel proposed a theory which encompasses 
parts of both theories and seems to be the most plausible 
at this time. He believes that three properties of coal 
appear to be necessary and sufficient for plastic behavior: 
(1 ) lamellae-bridging structures that can be thermally 
broken; (2) an indige nous supply of hydroaromatic hydrogen , 
and (3) an intri s tic capabi lity of micelles and lamellae to 
become mObile independently of quantitatively significant bond 
rupture. (7) 
The most recent coal representation, and the one widely 
accepted , is the model proposed by Peter Given shown in 
Figure 1. It can be seen from this model that coal does have 
a l l of Neavel ' s structural requirements. Lamellar size, degree 
of condensation, and function group characteristics all vary- -
even within a g iven vitrinite . 
Vi ti .nite is used for this model since it is the vitrinite 
in bituminous coals which exhibits plastic behavior. The 
vitrinite is composed of micelles (packets) of more or less 
aligned lamellae (molecular units) of variable structures 
typified by a condensed ring system connected by bridging 
atoms. Pttached to the ring s are various funr.tional groups 
( - C=O, -COOH , - OH, CyHx) . Some of the ring carbons may be 
saturated with hydrogen . As shown in part (b) of Figure 1 , 
imperfec t packing of the molecular units and the micelles l eads 
t o microporosity . Hydrogen bonds , London Dispersion forces , 
Lamella 
-10 X (b) 
( a ) 
t1icelle 
arOmatic 
Portion 
Figure 1 . Representa t ion or idealized molecular structure 
or Vitrinite in bitumino us coal : (a ) molecular Unit or 
layer;(b) compoSite alignment or layers( 7) 
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structural brIdges such as ether linkages, and methylene 
linkages bind the lamellae and micelles together. 
9 
About 20% or less of noncovalently bonded, relatively 
low molecular weight material, referred to as bitumen in 
earlier theories, is readily extracted through the pore 
systems by sOlvents.(7) 
In the ideal case, Neave l postulates that the plastic 
development proceeds as follows: 
1. General mobility of micellar units commences at about 
350- 400
o
c as London Dispersion forces and hydrogen bonds 
become weakened, the bitumen serving as a necessary solvating 
vehicle and hydrogen donor early on during this phase . Some 
minimal cleavate of covalent bonds may be involved in this 
phase. 
2. ViscoSity decreases progreSSively as mean molecular 
size is reduced at a rate r eflecting the thermal rupture of 
covalent bonds that bridge stable molecular units. 
3 . As the limited donor hydrogen inventory becomes 
Consumed through the transfer of hydrogen and loss of vOlatile 
hydrogen-ri ch species, free radicals which continue to be 
formed are increasingly "stabilized" by repolymerization. 
Viscos ity, having reached a minimum, then increases progreSsively 
as the molecular weight of the residual material increases . 
4. Repolymerization then becomes the dominant fate of 
free radi cals, and the metaplast solidifies as a semi-coke. 
In coals where premature cross-linking is not significant, 
molecular mOieties align to form anisotroPic mesophase 
structures. (7) 
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As suggested in earlie r theories, bitumen removal, slow 
heating rates, and high concentrations of relatively weak bonds 
would and do replace plastic capability . These all appear 
to promote cross-linking before the melting temperature is 
reached . Therefore, Contact between the indigenous donatable 
hYdrogen and free radicals formed at high temperatures is 
preVented, and the possibility of Plastic behavior is reduced. 
Direct dehYdrogena t ion, oXidat ion, and bitumen removal all 
result in reduced availability of hYdrogen, and also reduce 
Plasticity capability. The reduction of donor hYdrogen 
Content allows premature repolymerization of thermally pro-
duced free radicals. 
Other obserVations of coal plasticity can be eXPlained 
from this theory as well. Also, the non-Plasticity of low 
rank coals can be eXPlained by their high Oxygen Content and 
consequent formation of strong cross-linkages from reactions 
at temperatures in the range below the coal Softening point 
along with high unproductive consumption of donatable hYdrogen 
by oxygen-associated reactions . The scarCity of bitumen and 
relative high extent of initial cross-linKing explains the 
non-Plastic behavior of anthracites and highly ranked coals.(8) 
The methods of meaSuring Plastic behavior are as varied 
as the theories on the mechanisms of plasticity. 
One technique Used to study Plasticity as well as other 
aspects of coal is solvent extraction. Development of solvent 
extraction as a technique for investigating Coal compositions 
11 
and producing waxes, resins, or other coal derivatives of 
potential commercial use dates back from Bedson's(17) dis-
covery in 1902, that bituminous coals are substantially 
soluble in hot pyridien. Much of the early work centered 
on efforts to isolate a presumed coking principle, i.e., 
s ubstanc es then believed to be responsible for coking 
properties now of interest on ly because it indicated the 
presence in coal of small amounts of loose ly associated 
material that differed from the bulk of coal substance . (18) 
All but very mature coals, upon contact with a solvent 
under the right conditions, will dissolve. Extract yields 
depend, therefore, as much on coal composition a nd extraction 
procedures as on the nature of the solvent. 
The solubility of coal in a designated solvent is rank 
dependent . The solubility decreases as the rank increases. 
Upon contact with a solvent or its hot vapors, most coals 
will absorb solvent, swell, and release to the solvent a 
significant amount of more or less soluble material, resulting 
in a separation of the coal into a solvent extractable fracti on 
and a cross-link network r esidue. Dryden has designated 
"specific" solvents as those which are able to selectively 
dissolve a substantial amount of coal at temperatures near or 
below nv~mal boiling pOint of the solvent. Typ ically, these 
solvents consist of a molecule with an unshared pair of 
electrons on nitrogen or oxygen atom . (19,20) 
The extraction of the indigenous low molecular weight 
substances (bitumens) from plastic coals by solvents leaves 
12 
a residue incapable of becoming plastic when heated. (21) 
Many earlier investigators(22) suggeste d that these extractable 
bitumens contained the "coking principle," but their exact 
role was difficult to define. Teichmuller(23) also imputes 
a significant role to extractable "bitumens" in the develop-
ment of plastiCity. 
It is also well known that oxidation affects plasticity 
adversely, and deoxygenation has been reported to enhance 
plasticity. (2~) Although selected studies(25) have led to 
some insights, the role of oxygen is still not well understood. 
!40st severely affected are the lower rank plastic coals, (26) 
in which oxidation appears to be essentially equivalent to 
reduCing the coal rank. It is probable that low rank coals 
are prevented from becoming plastic because of (among other 
factors) their high oxygen contents, espeCially oxygenated 
functional g roups. Berkowitz et al. (27) recently called 
attention to the apparent de leterious effects of - OH sub -
stituents on plastiC development in western Canadian coals . 
In Similar studies, Liotta et al.(28) reported that oxygen 
functionality incorporated into the coal structure resulted 
in a decrease in extractables . One explanation proposed for 
this phenomena was that the added oxygen was producing 
polar functicnalities ouch as hydroxyls, carboxylic acids 
or some other carbonyl- containing group which would decrease 
the solvent extractability of the coal molecules. 
According to the Neavel theory of plasticity,(7) tow 
of the conditions considered necessary for plastic development 
are the presence of lamellae bridging structures that can be 
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Figure 2 . THF 
Fourier Transform Infrared Spectroscopy, FT-IR, is one 
of the most versatile techniques available for providing 
analytical data on raw material s , process chemistry and 
products. Disgersive infrared spectroscopy has traditionally 
been an important tool in coal characterization since most 
organic and mineral components absorb in the IR. FT-IR with 
its advantages in speed, sensitivity and data processing has 
added new dimensions. 
The FT- IR permits rapid routine quanti tative characteri -
zations of solids, liquids, and gases . FT-IR's speed (a com-
pl .. t 'a spectrum can be obtained in 80 msec) provides the 
poss ibi lity of following chemical transformation (such as 
coal pyrolysis) as t hey occur or permits on-line analysis of 
products subject to separation techniques such as LC, GC, or 
solvent separation. The FT- IR provides high sensitivity 
because of its high signal throughout and by adding spectra 
to produce a good signal to noise ratio. This feature permits 
measurement of highly absorbing materials such as coal or 
the use of difficult techniques such as photoacous tic or 
diffuse reflectance spectroscopy. The latter techniques will 
allow measurement of solids with minimal sample preparation. 
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Other advantages of FT-IR are digital storage of spectra 
and the availability of many data analysis routines which 
were developed to take advantage of the computer which an 
FT- IR requires . These routines permit such operations as 
base-line corrections, smoothing , spectral comparisons, spec-
tral synthesis, factor analysis, correlation techniques, 
solvent subtraction, mineral subtraction, display and plot-
ting flexibility, and programmed control of experiments. 
These techniques have proven so useful that dispersive 
instruments are now bei ng offered with add-on computers. (31) 
As a result of the advantages of FT-IR, investigators 
have started to reexamine applications in fuel science and 
technology. Painter et al. (32,33) have proposed techniques 
for quantitatively analyzing mineral components in coals and 
low temperature ash by subtraction routines and a quanti-
tative mineral library . Painter also has used FT-IR for 
studying coal oXidation(3 4 ) and liquefaction products . (35,36) 
Solomon has considered the analysis of organic constituents 
in coal. Calibration factors were determined for computing 
aliphatic a nd aromatic hydrogen concentrations from the 
integ rated areas under the peaks near 290 0 cm- l and 800 cm- l , 
respectively. (37) From the aliphatic hydrogen concentration, 
a reasonable determination can Qlso be made of the aliphatic 
and aromatic carbon concentration us ing Brown-Ladner relation(38) 
and an assumed aliphatic stoichiometry. 
The FT-IR system operates by coding the infrared source 
with an amplitude modulation which is unique to each infrared 
frequency. The detector is sensitive to the modulated 
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radiation so t hat the unmodulated stray radiation is elimi-
nated rrom the experiment, permitting the use or FT-IR as an 
in situ detector in many experiments. 
A calibration ror the aliphatic peaks near 2900 cm- l and 
aromatic peaks near 800 cm- l was obtained by Solomon. (37) 
The objective was to determine the values or the integral 
absorptivities a'(al) and a'(ar) (in abs. units cm-l/mg/cm-l) 
which relate pea areas in abs . units cm to the correspond_ k ( -1) 
ing hydrogen concentration (in mg/cm 2) i.e . , 
A(al) = a'(al)H(al) 
and 
A(ar) = a'(ar)H(ar) 
where A(al) is the area under the aliphatic peaks, A(ar) is 
the area under the aromatic peaks and H(al) and H(ar) the 
aliphatic (or hydroaromatic) and aromatic hydrogen concentra_ 
tions in the sample, respectively. 
Because or the complexity or the inrrared spectra of 
coal - , mo st quantitative studies have been limited to the 
determina.t ion or the hydroxyl groups and aliphatic and aromatic 
C-H. Brown(39) attmpted to obtain a measure or the relative 
proportions of the se Othe r groups by measuring the ratio or 
the peak heights of the aliphatic and aromatic C- H stretching 
-1 
modes at 3030 and 2925 cm , respectively. This approach 
requires the knowledge or the extinction coerriCients, e(al) 
and e(ar), which Brown estimated rrom measurements on a number 
or low molecular weight model compounds . In a later study, 
Brown and Ladner(38) applied both inrrared and proton magnetic 
resonance to the study or soluble coal products and proposed 
Brown-Ladner equation to determine aromaticities from 
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infrar ed measurements . Other investigators(~0,41,~2) have 
attempted to improve the infrared technique by using integrated 
absorption measur~ments as opposed to simple peak heights 
and by considering other regions of the spectrum, principally 
the aromatic C- H out-of-plane bending 
700 - 1 (~O) cm Ret cofsky and Durie e t 
modes between 900 and 
al.(~l) considered the 
integrated absorption between 680 and 920 cm- l where there 
are typically three major aromatic C-H out-of- plane bending 
modes, near 850 , 810 and 750 cm- l . This implicitly assumes 
that the ex t inction coefficients of these three bands are 
the same or t ha t the r e lative intensities of the three band s 
remain unaltered from coal to coal. The latter possibility 
is clearly not true when a range of coals from different 
sources is examined. There are significant differences in the 
relative inte nsities of the out-of-plane C-H modes that r eflect 
different degrees and types of aromatic substitution. Conse-
quently, it wou ld be more accurate to define t he absorbanc E 
in the range 92 0 to 680 cm- l as the sum of three components, 
each with a distinct extinction coefficient . Variations in 
t he degree of a r omati c s ubstitution among distinct sample 
set s (e . g ., THF s oluble materials) would then result in 
different calibration curves. 
Nuclear magnetic resonanc e spectroscopy, NMR , arises from 
interac t ion of the magnetic component of electromagnetic 
radiation with the very small magne t ic moments possessed by 
atomic nuclei of isotopes with a nonzero quantum number 1. 
Discrete nuclear magnetic moment orientation levels have an 
ener gy separation, and hence a resonance rrequency, pro_ 18 
Changes . According to the size or Bo and the particular. 
nuclear Species, (or which the most ravorable is H, With a 
large moment, high natural abundance, and a SPin r = 1/2), 
POrtional to the magnetic rield Bo apPlied. Assemblies or 
sUCh nuclear moments can give rise to measurable macroSCOPic 
resonance rreqUencies are USUally in the radiO-rrequency 
rang e 10- 300 MHz Or so. (43) Thus, the quanta are small, 
time aVeraging computers, and Fourier transrorm spectrometers. 
to induce a transmisSiOn), gives NMR spectrosCopy an inherent 
low senSitiVity. AlleViation or the limitation or this 
sensitiVity may be aChieved by emploYing high magnetic rields, 
groUnd and eXCited states , together With long liretimes or 
the eXCited states (which limit the Power that can be apPlied 
CaUSing l i t t l e di sturba nce to the system. 
On the other hand, the small energy dirrerence between 
depends part ly on the breadth and structure or the spectral 
line and partly On the instrumental parameters which derine 
the resolution and sensitiVity . Resolution is USUally 
restricted by the variation in magnetic rield oVer the sample. 
A 100- MHz NMR spectrometer might have a resolution or 0 .3 Hz 
and a resolVing Power or v/AV=108/0 . 3 . This means that the 
magnetic r i eld must !"ema1n constant to about t hree parts i n 10
9 OVer the sample during a rUn, a stringent reqUirement. (44) 
NMR signals are observed against a background or Un_ 
an eSsential ~rereqUiSite to assignment and interpretation, The ability or an NMR spectrometer to detect a Signal, 
wanted random nUctuations or "nOise." When genUine signals 
are weak, and fUrther increase in sample size is not feasible , 
increasing the power of the source may be advantageous. How-
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ever , excessive power levels can "saturate" the system, or 
amplification or phase-sensitive detection. The signal is 
noise at the detection stage may be minimized by lock-in 
the signal strength diminishes, even to zero . The effect of 
tend to equalize the ponulations of energy levels, so that 
converted to an alternating Voltage at a frequency well away 
from the dominant frequency components (near zero) constituting 
the nOise, and the fOllowing amplifier is tuned to the new 
Signal frequency. 
In Fourier transform (RT) spectroscopy, a wide range 
of energies (and freqUencies) and thus of nuclei is sampled 
simultaneously. Slow Consecutive SWeeping through frequencies 
with time in continuous wave NMR is replaced by short (tYPically 
10 -
5 
sec) bursts or pulses of high radiofrequency power . The 
FT teChnique is thus a means Whereby the advantage s to signal_ 
t o- '10 ise of monitoring many frequencies at the same time in 
a mult iChannel spectrometer may be achieved indirectly (by so-
called multiplexing) mUch more practicably and Cheaply than 
by haVing 10
4 
or 10
5 
parallel transmitters and detection 
systems . (45) The realization of the advantages of pulse 
eXCitation, and the availability of stable spectrometer s at 
high magnetic fields, of fast Fourier transform alogrithms 
and of (comparatively) cheap small computers have combined to 
make natural abundance 13C_NMR feasible for solutions of 
organic compounds Such as coal extracts . 
The power of NMR 1n organic structural anal ysis derives 
f rom an ability to sense several kinds of parameters . Thus 
chemical shifts depend on elec tronic a nd molec ul ar environ_ 
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ments; COUPlings can be indicative of interactions with 
neighbors; a nd relaxation times are responsive to motions and 
other influences on magnetic dipolar interact ion. Not all 
these aspects have been f ul ly exploited i n the f i e ld of 
coa l a nd coal products. 
spec es, e . g . i IH or 13c, 
NMR focus es On specific nuclear 
under examination, with cons equent complexity of the spectrum. 
I n organic chemistry, t he major instrumen t a l de ve l opment of 
Sensing a ll the nuc l e i of the species 
the Fourie r transform spectrometer has led to a n enormous 
expansion in the exploita tion of the potential of 13
c
_
NMR
; 
fossi l fuels are now sharing in this deve lopment. 
Coa l and coal products are not oriously complicated 
materials; indeed, their very complexity underlines bo t h t heir 
teChnological importance and their intrinsic scientific 
i nterest. There are two complimentary appr oaches to the study 
of Such mater1als by NMR spectroscopy . On the one ha nd , 
detailed high re solution spectroscopic analyses can be made 
on solutions of singl e components belie ved to be pre sent in 
coa l ext r acts. On the other hand, more direct (if l ess compre_ 
hensive ) compositional and structural indicati ons can be 
obtained by examination of solutions of complex mixtures 
extracted f rom coal and prOducts, or even (with appropriate 
instrumentation) On whole coals. In general , measurements 
of the first kind add to the fund of relevant knowledge,Whereas 
or fingerprint stage. 
success in the second approach can advance beyond the empirical 
21 
In early investigations of coal extracts and other coal-
like materials by high resolution IH-N~lR, (~6,~7) three kinds 
of hydrogen atoms were distinguished. These were aromatic 
and phenolic hydrogen (de signated HA), hydrogen On saturated 
car bon atoms alpha to an aromatic ring (H
a
), and hydrogen on 
saturat ed struc ture s (H
a
). 
Hydrogens of these types were recognized in carbon 
disulfide extracts of coke oven (CO) and low temperature (LT) 
coal tar pitches . These hydrogens were also recognized in 
coal extracts and shock-heated Pr.oducts. (~ 8) The se investi_ 
weight materials (>~OOO am u ) . 
gat ions were confined mainly to relatively low-molecular_ 
Once hydrogen distributions have been determined by 
IH-NMR, they may be combined with number-average mole cular 
analyses in structural analysis schemes so as to provide a 
weights and with e l emental, functional groups, and other 
picture of the properties of the average mOlecule. A method 
devised by Brown and Ladner(38) for the analysis of coal 
carbonization products has been widely applied, both as 
originally stated and i n modified form. From lH_NMR and 
elemental analyses, Brown and Ladner calculated the fOllowing 
average parameters: fa' the ratio of aromatic carbon (Car) to 
total carbon (C); 0, the fraction of the total available outer 
SUbstituent were replaced by a hydrogen atom. These are 
HIC ratio that average aromatic skeleton would have if each 
edge Positions Occupied by constituents; and HIC, the atomic 
derived from the fOllowing equations, where C/H and O/H are 
atomic ratios: 
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fa = (C/H H:/x - H;/Y)(C/H) - l 
* * * )-1 o = (Ha /x + O/H)(Ha/x + O/H + Har 
* * Har/ Car = (Ha /x + O/H + Har)(C /H _ 
H:/x - HS/y)-l 
(eq. 1) 
(eq. 2) 
(eq. 3) 
* Here, H = Ha /H , the ratio of "alpha type" hydrogen to total 
hydrogen, determined by IH_NMR; H: /H , the ratio of "be ta type" 
hydrogen to total hydrogen , again from IH-NMR. x and yare the 
atomic ratios of hydrogen to carbon in alpha and beta 
structures,respectively both of which are assumed. 
* Har = Har/H is the ratio of aromatic to total hydrogen 
determined by IH-NMR, with the assumption that 60% of the 
oxygen content is phenolic. 
Friedel and Retcofsky(49) applied the Brown-Ladner 
equation to pitch fractions and later to pyridine and carbon 
disulfide extracts of coal .( 4S) More recently, this group 
has 10nducted a thorough investigation of the utility of 
Brown-Ladner equation in coal research. 
Another structural analysis scheme, due to Speight~51,52) 
has found particular application in the analysis of oil and 
bitumen fractions . This approach uses hydrogen distributions 
determined from IH- NMR by equations whicu are modifi cations 
of those proposed by Yen and Erdman; (53) in turn, these 
equations are based on the method of Brown and Ladner. 
Computer- assisted molecular structure construction 
(CAMSC) has been developed recently by Oka et al. (54) for 
the structural elucidation of coal fractions . CAMSC uses 
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elemental analysis, lH-NMR spectra, and molecular weight 
data to determine the allowed combinations for functional 
groups constituting the structure . 
Since it has been shown that bitumen, the extractable 
portion of coal, is involved in plasticity mechanism, it is 
reasonable to expect that plasticity of a coal is related to 
its extractables . There is also good reason to believe that 
the aliphatic content of a coal correlates with plasticity. 
It is our intent to use THF as a solvent for extracting a 
series of highly characterized bituminous coals. The extracts 
obtained will be purified and analyzed by Fourier Transform 
Infrared Spectrometer and Proton Nuclear Magnetic Resonance. 
The data collected will be used to determine the aliphatic 
content of the coals and to correlate this with plasticity. 
CHAPTER HI 
EXPERIMENTAL 
A. Instrumentation and Reagents 
Solvent extraction work was done using a standard Soxhlet 
extraction apparatus. Each Soxhl et was insulated with glass 
wool wrapped in a luminum foil to prevent the heat loss. It 
was hoped that any heat loss would be confined to the 
condenser . (See Figure 3) 
A system of six Soxhlets was set up for the extraction 
work . A Glas- Col six unit heating mantle was used for the 
heating of the Soxhlet system. (See Figure 4) 
The vacuum oven used was from Forma Scientific, Inc. 
in Marietta, Ohio. It was the "Forma Vac" model, catalog 
number 300 ... The vacuum gauge attached to the oven was 
used to j udge t he amount of vaC'.lum being pulled . The oven 
was 115 vol t s , 4 amps. Temperature inside the oven was 
measured wi th a s t andard mercury lab thermometer placed on 
a tray ins ide the oven . The vacuum was pulled wi th a Hyvac 
7 pump , fr om Central Scientific Company. 
Weighings were done on a Sartorius Ana lytical Balance, 
model number 2402. These weighings were done to the nearest 
mg. The balance was accurate to the nearest 0.1 mg . 
The tetrahydrofuran used was from Fischer Scientific 
Company, Fairlawn, New Jersey, and met A.C.S. reagent grade 
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Alum. fo11 
wrapped 
Figure 3 . Soxhlet Extraction Apparatus 
Figure~. Six Unit Heating Apparatus with 
Soxhlet Set-Up 
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specifications. The assay by gas chromatography was 99.9~, 
and it had a bOiling POint range of 0.6 0 C. No extra puri_ 
fication was done to the THF before Using it. 
The methanol used was from Fischer Scientific Company, 
Fairlawn , New Jersey. The methanol was A.C . S. certified and 
had a bOiling point range of 0 . 5°C. The assay was 99.9%, and 
no extra purification was done. 
The raw coal was receive d in five POund bags. It was 
crushed to - 8 mesh coal and split, then crushed further into 
- 60 mesh for use. The crushed coal was stored in the 
freezer under nitrogen until it was used. 
The Fourier Transform Infrared Spectrometer used was 
"Nicolet MXl" model from Nicolet Instrument Corporation, 
Madison , Wisconsin. The standard data collection procedure 
entails a 16-minute acquisition (collection of 512 scans at 
the rate of 32 scans/min). 
The Nuclear Magnetic Resonance Spectrometer used was 
"EM Jo>0 4" model from Varian Associates, Palo Alt o , California. 
The methyl sUlfoxide used was from Aldrich Chemical 
Company , Inc., Milwaukee, Wisconsin . The methyl sUlfoxide 
was A.C.S . certified and was 99.9% atom deuterium in compo_ 
Sition. It also contained 1% vOlume/volume tetramethylsi l ane. 
The Chloroform_d used was from Aldrich Chemical Company, 
Inc., Milwaukee , Wisconsin. It was A.C.S. certified and was 
99.8% atom deuterium in composition. It also contained 1% 
tetramethylsilane. 
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The procedure used for solvent extraction was developed 
at the Institute of Mining a nd Minerals Research by Art 
Fort. (55) 
1. Dry a beaker at 100-110oC (1 hr. or more), cool in 
the dessicator, and we igh to the nearest mg . All Subsequent 
weighings will be to the nearest mg. Weigh in 10 g of -60 
mesh raw coal. 
2 . Dry the samples in a vacuum oven at 60 ± ~oC for a 
period of six hours. Cool to room temperature in a dessicator 
and weigh to obtain mOisture loss. Dry marked thimbles, cool 
and weigh along with coal samples. Place the dried coal 
sample in its thimble and weigh again to obtain the weight of 
the dried coal to be extracted. 
3. Extract the dried coal samples for a period of 
22 ± 2 hours, with 100 mls of tetrahydrofuran. Insulate the 
Soxhlet extraction aSsembly well to minimize heat loss (we 
desire most of the heat loss to occur in the condenser). 
Inspect the extraction assembly from time to time to insure 
that THF drips rapidly from the condenser drop tip. 
~. After COoling, replace THF with methanol and bottle 
the THF extract . Extract the coal sample with methanol for 
a period of five to six hours. 
5. Remove the thimble from the extraction assembly, 
allow bulk of methanol to drain and evaporate under the hood. 
Place the thimble in a vacuum dessicator OVer calcium chloride 
lumps (replace CaCl lumps periOdically as they show eVidence 
of mOisture). Evacuate the dessicator for a priod of one-
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half hour. Seal vacuum and allow sample to remain Overnight 
under vacuum. 
6. Transfer the sample to vac uum oven a nd dry at 150.c 
for a ppriod of six hours (vacuum). Turn off the oven and 
leave the samples i n the oven under vacuum until they cool 
to below 50·C (approXimately 3 hours). Cool to room tempera_ 
ture (desSicator) and weigh to obtain extraction loss. Store 
in dessicator under vacuum. 
7. Repeat lSO·C dryings for 2 hours, allowing the samples 
to cool below 50·C before removing them. Con tinue these two-
hour dryings until the extraction losses are reproducible. 
8 . Store the extracted samples in screw cap vials. 
Label each vial and place it in a freezer. 
The THF extracts collected were emptied into clean, 
labelled 150 ml beakers and l eft under the hood to evaporate 
most of the THF solvent. The beakers were then transferred 
into the vacuum oven and dried at 150·c for a period of 18 
hours in order to evaporate completely the THF solvent from 
the coal extracts. The oven was turned off and the samples 
were left under the vacuum until they Cooled to the room 
temperature. The samples were then stored in screw-cap vials 
and labelled for further analYSis . 
The sample preparation procedure for FT-IR analYSis was 
developed by Painter and his Co-workers. (56) This entails 
the reduction of the coal extract to -200 mesh, then thorough 
mixing with 200 parts of finely powdered KBr for preparation 
of the pellet. In order to prepare pellets of reproducible 
thiCkness, we have standardized upon 2.0 mg of the coal 
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extract with 300 mg KBr. The standard data collection 
entails a 16-minute acquisition (collection of 512 scans at 
the rate of 32 scans/min) . Scan mode of 1 was chosen with 
plot format of zero for this work . The samples were scanned 
from 3600 to 400 cm-l while using auto expand transmittance. 
was 
The sample preparation procedure for the IH NMR analY$is 
developed by Reasoner. (57) Each sample was dissolved in 
0.25 ml of methyl sulfoxide d6, and 10 mls of chloroform d . 
The resulting solution was gravity filtered to remove undis-
solved particles. 0.5 ml of each solution was used for the 
IH NMR analysis. The spectrum amplitude of the NMR was set 
at 1000. The filter was set at 0.1 sec and Rf power was at 
0 . 05 mG. The sweep time was two minutes and the sweep width 
of 5 ppm was used for all the NMR analysis work. 
CHAPTER IV 
RESULTS 
The series of bituminous coals used in this research 
hav p. all been characterized . Characterization of the coals 
included proximate and ultimate analyses, free swelling index, 
heating value, forms of sUlfur, sulfate in ash , maceral 
composition, total reactive macerals, Parr mineral matter, 
and vitrinite maximum reflectance . The coals have been 
analyzed by the Institute for Mining and Minerals Research 
(IMMR) in Lexington, Kentucky,and the information is provided 
in Tables I through 7. 
All coals used in this study have been collected f rom 
freshly mined coal and from cleaning plants Using freshly 
mined coal of ~ ~own local origin. 
Tab le 2 contai ns the proximate and ultimate analyses of 
the coals. All are on a dry basis except for moisture, which 
is as det ermined . 
Table 3 presents, for the same coals, the forms of 
Sulfur, ash sulfate , heating value, free swelling index, and 
rank ( by ASTM D388) . 
Tables 4 and 5 present the maceral composition, total 
reactive macerals , Parr mineral matter content, and maximum 
vitrinite reflectance, on a dry basis. 
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Tab1. 1 
Soure •• 
o! W •• tern Kaa t ueky eo.le 
no. 
'- S ... V.rUed Soure. COWl t y 
....1. HOIl1nd 
no . 
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..!!L-
et ae 
-!!!!L 
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2 9022 kY" hf.lh 01 Davie.s 2 If 1/2" hVCb/aubA 
) 9029 n. Lick 
..tddle Sl Ohto 
CS hVCb/ hvSb 
• 9036 !I.neroft hf.lh 
'1 Huhlenberl ) If 1/2" hvl b 
, 9037 aaneroft hf.lh 
'1 HuhI.nberl 1/2 xlII," hvlb 
, 
904S Bancroft hf.lh 0 Huhlenber . 3 If 112" hvCb 
9046 Sancrolt htlh 0 Hu.hlenberl 1/2 x 1/4" hvCb 
8 90S2 ICY" hf.lh Cl Ohio 
6 x 1-1/2" hvCb 
, 9055 ICY " hilh Cl Ohto 
1-1/2 xIII," hvCb 
10 9064 kY 
•• hilh Pl HOPlc.f.na 
1- 1/4" x 2S. hvCb 
11 9398 n Ill, 
atdd1e !l Huhl .nbera 3 x 1/2" hvCb 
12 9399 n 114 
. idd1e Bl 
""hlenbera 1/2 x 1/1i" hvCb 
1) 9072 ICY" hilb 
"1 Union 
6 xI-III, " hvSb 
1. 9077 ICY" htlh HJ !Io'on 1-1/4 If 28. hV8b 
1> 9085 ICY 
" lU,h H2 Union 
6 x 1- 1/4" hvCb 
16 9089 ICY 
" 
hf.lh K2 Union 
l-llli x 28111 hve. 
17 9099 kY 
" hiah 02 Huhlenberl 6 x 1-3/4" hvCb 
18 
'100 KY 
" hilh 02 Huhlenberl 1- 3/4 xlI I," hve. 
I·' 9109 KY 1111112 hiah IU Huh1enberl 4 x 1-1/2" hve. 
20 9110 ICY 1111112 h1ah IU l'tIhlenbera 1-1/2 x 114" hvCb 
21 9121 ICY" h11h Dl W.bSter 2 If 28. hVSb/hvAb 
22 9127 kY" atdd1e Pl Union ) x 1/2" hv"b 
2) 9129 kY" 
.1dd!a Pl UQ.f.on 
112" hvAb 
2. 9BS n III h11h C2 Ullf.on , 
x 1" hvCb/subo\ 
" 
6083 
""on 
"11 
run of aine hvAb 
" 
762S n'10 
Webater 
r"n of aine hvAb 
27 7626 ICY" 
Uuon 
"'" 
of aine hvAb 
,. SOSS IQd1.aaa Lowr 
SP':QC. r (IN) 
.... of 111ne hvCb 
Ilock 
eontinu.d 
I 
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Table I, continued 
••• ~ Se .. Vertical Source County Sa-.p1e No.lllal 
~ location ~ ah. 
--!!!L 
29· 9145 ICY '9/'11 hJlh II Ohio 1-112 :II: 3/4" hV<:b 10 9146 ICY 191'11 Mah II 01'110 3/4 x 1/4" hV<:b 11 9159 n'll hllh C2 Union 1 x 3/16" hvCb/aubA l2 933S I<Y '9 hlah 
'2 Hopkin. 1-1/4 x 2a. hvlb II 934 2 I<Y 
'" 
hilh 
" Union 1 x 1/2" hvAb 1. 9344 I<Y 
'" 
blah PJ Un10n . 
- 1/2 hvAb 15 9418 nlUII12 1'1111'1 Cl Hopk1ru: , 
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9419 I<Y '1l/~12 blah Cl Hopkin. + , hvCb 17 9556 IL 
" Y WUl1auoa 1 x 1/2" hvlb 
,. 7701 
-. channel Butlar 
hvllb 
19 /701, 
-. channel lutler 
hvBb 
• 0 n07 
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hv8b 
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hvlb 
--------------------------------------------------
·C •• l ••• 29 Will b. d'.pped f,oo 'he finol ""y.1.. Cool ••• 10, f,oo 'he .... '1t., 
viII b. raeained. 
T.ble 2 
Proxt.ata and U1tt .. te An.II •••• 
Coal Hob- .. , Vo1.ttle Find Ie ZH I. IS 10·· !!!L Kattar ~ 
01 10. 03 8.69 42.9 48 .4 73.86 5. 41 1.73 4.10 6. 19 
02 7.86 10. 77 42.6 46 . 5 71.67 5. 0S 1.62 3.41 7.44 
03 6.75 5.40 41.6 52 . 9 77.60 5.38 1.60 2.02 7.96 
O. 5. 33 6. 44 46.8 46.6 76 .48 5.31 1 . 60 3.29 6.19 
05 4.08 6.50 4.5.0 48.4 74.55 5.33 1.40 2.19 9.40 
06 S. 02 1.86 44.5 41.5 12.19 5.09 1.11 3.68 10 . 04 
07 5.21 6.48 44 . 8 48.6 76 . 46 4 . 78 1.04 3.20 8.00 
08 1.16 8 . 19 41.4 49.7 13.16 5.43 1.32 3.13 1.94 
09 1.08 9. 05 41 . 5 49 .4 15.00 5. 58 1.54 3.37 S.43 
10 6.32 8.49 41.1 49.1 75.08 4.30 1.13 3. 14 1.83 
11 S. 94 17 . 11 38.4 43.8 63.32 4.61 1. 25 3.40 9.69 
12 4 .12 17.75 38.7 43.5 66 . 27 4.82 1. 28 3.45 6.40 
13 6.92 8.44 41 . 8 49.6 74.15 S.24 1.23 3.21 1.71 
14 6.10 1.60 41.1 51.2 14 .12 5.21 1.35 2.15 8.93 
15 6. 31 10.38 41 . 3 48 . 3 73 . 18 5.47 1.54 3. 17 5.62 
16 6. 20 8.42 41.0 
.50.S 1.5.03 5.61 1.46 3. 03 6.42 
17 1. 97 8.42 41.2 50.2 74.94 S.04 1. 39 3.60 6 . 59 
18 7. 09 8.36 40 . 6 50.9 14.08 5.11 1.50 3.59 7.34 
19 1.55 10.16 41.2 48.6 13.28 5.20 1.31 3.18 6.84 
20 1. 17 9.10 43.5 46.1 14.06 5.28 1.22 2.92 6.19 21 2.57 8.68 40 . 3 50.9 75.41 5.27 1.01 3. 35 6.18 
22 2.4.5 9.60 39.4 50.9 75 . 98 5. 42 1.44 2. 91 4 . 63 
coatinu.d 
Table 2. conUn~d_ C .. , Hoh~ 
"'h VOletU. 
Fta:.d fC 
... f • f, 
%0-* 
.£.!!.r. 
-
H.t t .!.... 
CarbE.!!. 
-
- -
-
-
" 2.61 8.2, 40.1 
.51., 17.04 
' . 44 1.47 2.66 
'll 
" 
7.87 7·13 42.8 
49.9 
7'.68 
'." 1 . '1 3.'6 6.S2 
" 1.68 6.79 40.2 
.52 . 9 
n .79 S.33 2.04 1.38 6.64 
" 2.12 14 .20 32.2 
.53.S 69.87 4.43 1.S0 2.76 7.22 
" 2. 86 8 . 12 40.0 
'1 . 8 76.18 S.u 1.54 3. S3 5.43 
28 10.96 8.26 42.2 
49.S 76.6.5 S.78 1 . '8 1.42 6.28 
" 
6. 17 6· .50 43 .3 
50 . 1 74.22 S.42 1.5] 3.63 8.63 
30 6." 8." 42.3 
48 .7 74 . 67 
'.41 1.34 4.01 
S.37 
31 7.42 7. 8S 43.6 48.s 
"'.43 S.26 1.39 3.48 6 . .56 
J2 2.9' 7. 23 42.8 
49.9 76 . 0S S.37 1 : 65 3.00 6.66 
" 
2.24 10.76 40.] 
48.S 72.90 S. 22 1.43 3.14 
6.'3 
J4 2.28 8.03 
, 41.0 
'0.9 74.36 S.2S 1.4S 2.77 
8.U 
" 
6." 10.61 
n.3 
49. 9 
n.n S. 10 1 . 2S 4.06 S.18 
" 7.00 12 • .58 J8.2 
49 , 1 
70.38 4.91 1.29 4.06 6.76 
" 
3.30 12.48 37.2 
.50.2 72.88 4.91 1..53 2.90 
.5.28 
,. 
9.89 3.41 40. , 
.56.0 81.." 
'.64 1.6.5 0 . 83 6 . 69 
" 
7.6J 13.41 l8 • .5 
48.0 70 • .57 
.5012 1..56 1. 91 7. 40 
'0 9. 29 J.7.5 39.6 
.56 • .5 81 . 33 
.5.68 1.73 0 . 80 6.68 
" 
7.78 2.n 42.1 
3.5 . 0 80.73 
.5.74 1.61 1.06 8.06 ---------------------------*Hot. tur • •• d.t.,..tDCd , 
Other velu .. OD • dry aeh~tDc1Uded beat • • "ay dUference . 
rabla ) 
Fo~ of Sulfur. Aah Sulfate I Heatina Valua, rSl and ASTH bilk· 
Coal For.a of Sulfur 1 SOj 1. 
a .. tinl Value F S 1 ASnI 
Pyritic Sulfate Onanic • h 
atu/lb !!!!! 
01 2.04 0.06 1.98 
s.n 12.948 2 1/2 hvCb 
02 1.43 0.02 1.96 
S. 96 12.622 4 1/2 bvBb 
03 0.98 0.01 1.02 
0.42 13.715 • hvBb 
O. 2.22 0.13 . 0.92 0. 7' 13,647 3 1/2 
hvBb 
0' 1. 70 o.n 
0.8) 0.77 13,479 ) 1/2 hvBb 
O. 1.38 0.02 2.27 
0.37 13,297 • hvBb 
07 1.08 0 . 0) 2.08 0.72 
13.S87 ) 1/2 hvBb 
08 1.16 0 .05 1.91 
4 . )0 13,096 , hvBb 
09 1.25 0.12 1.99 
2.89 13 ,054 4 1/2 hvBb 
10 1.18 0 . 10 1. 8S 
T.8) 13,)32 4 hvBb 
11 1.61 0.14 1. 63 
1.14 11.769 21/2 hvBb 
12 1. 78 0.09 1.57 0.72 
11.754 2 1/2 hYBb 
13 1.34 0.04 1.82 
3.97 13.3)2 4 1/2 hvBb 
" 
0.9) 0.05 1. 76 9.02 1) . 408 
, hvBb 
15 1.62 0.05 2.10 
6.6) 12.8S0 • 1/2 hvBb 
1. 1. 17 0.05 1.81 4.18 
13.336 4 1/2 hYBb 
17 1 .S7 0.13 1.90 
0.48 13 . H8 
, hvBb 
18 1.47 0.25 1. 86 1.13 
13.023 4 1/2 hvBb 
19 1.43 0. 15 1.59 2. 88 
12.882 , hvBb 
20 0.92 0. 29 1.71 2. 30 
12.91) , hvlb 
21 1.33 0.08 1.93 2.1. 
ll,537 8 1/2 hvAb 
22 1.45 0.10 1.35 2.04 
13,490 • hvAb 
cOCltll1uad 
Table ), continued 
Coal FOnd of Sulfur % 50~ in Heetina Velue F 5 I A5TH Pyritie Sulfau Onanie • h Btu/1b ".k 
23 1.22 0.05 1. 39 3.14 13,718 8 1/2 hvAb 
24 1.22 0.05 2.27 1.23 13.296 4 hvBb 
25 0 . 19 0.01 1.17 0.87 14,249 7 hvAb 
26 0.48 0.08 2.20 0.70 12,607 7 hvAb 
27 0 . 48 0.07 2.97 0.46 13,650 7 hvAb 
28 0.80 0.02 0.59 6.13 13.241 2 1/2 hvCb 
29 1. 37 0.27 1.98 1.07 ll,2l!1i 3 1/2 hvBb 
)0 1.46 0 . 32 2.23 1.44 ll,007 4 1/2 hvBb 
31 1. 26 0.07 2.14 1.35 13.220 4 hvBb 
32 0.92 0 . 03 2.05 1.92 13,733 5 hvAb 
33 1.16 0.02 1.9.5 
-&.62 13.277 5 1/2 hvAb 
)4 1.08 0.01 1.67 1.92 13.671 6 1/2 hvAb 
35 2.05 0.09 1. 91 12 . 41 12.775 6 hvBb 
)6 2.22 0.11 1.72 10.21 12,468 4 1/2 hvBb 
37 1. 70 0.03 1.16 3.92 12,740 4 1/2 hvAb 
38 14,171 3 hvBb 
)9 12,525 3 hvBb 
40 14.154 2 1/2 hv8b 
41 14,281 3 hv8b 
---------------------------------------------_._---------
-FOnd of aulfur and heatina value on a dry. a,h-ine1ud,d basi •. 
~ 
Maceral eo.poaltion or eoal. 1 
~ !!!!!!2 ~2 ~ !!!!!!!2 !!!!.!..!! 2 ~2 !!.!s.!.!!! 2 Hacr1n2 1 n.9 0.8 2.9 0 .4 4 . 3 3.2 0 . 8 0.4 2 66.] 0. 1 6.0 1.2 4.1 3.3 5.5 0.0 3 84.4 0.8 4 . 7 0.3 1.5 0 .6 0.7 0.0 4 10. 3 4.1 7.1 0 . 5 2 .7 3.2 3.0 0. 3 5 73.6 4. 1 6 .0 0.3 3.2 2.2 1.8 0.2 6 72.0 6 .4 3. 2 1.0 2. 1 1.9 3.0 0 . 0 78.1 3.8 1.9 0. 8 2.6 2.2 1.8 0 . 0 8 67 . 6 3. 6 3. 3 1.0 4 . 3 5.3 3.2 0.4 9 13 . 3 2.1 3.9 0.3 5.1 2.7 0.8 0.3 10 73 . 1 2.4 2.5 0.3 5.9 3.2 1.5 0.1 11 67 . 5 2.2 2. 1 1.1 1.9 3.0 0 . 9 0.2 12 66.0 3. 5 2.7 0.4 2.0 2. 8 1.5 0.1 13 69.9 0.9 7.2 1.6 2.6 3. 6 3.4 0.0 14 13 . 4 5. 7 2 .6 0 . 5 3.2 3.3 1.3 D •• 15 69.4 2.3 3.5 0. 2 5.6 3.9 1.6 0.3 16 72.7 2.4 3.2 0.4 3.7 4.0 3.5 0.2 17 14.6 2.2 2. 8 0.4 3.9 2.9 1.7 0.1 18 76.1 1.2 3.5 0.4 3.3 3.6 1. 7 0.2 19 76.1 3.2 2.3 1.0 2. 1 1.8 0. 9 0.3 20 77.2 2. 7 1.9 1.0 2.2 2. 3 0.9 0.1 21 68.0 7.5 2.5 1.8 3. 4 3.0 2.4 0.1 22 70 . 7 5. 3 3.2 0.5 3.5 2. 8 1.9 0.1 
continued 
W 
...., 
.!!.ble ~ , conUnued ~ ~2 
!!eudoV2 §.,1n':.!! ~2 ~2 ~2 HJcr,!!!2 
",-cr.!!!2 
2) 
n , ) )., )., 
.. , , .. 
1.. 1.) 
••• 
" 76.8 ).4 2., 
• • 7 2. ) 2., 
.. ,
• • 1 
" 69.2 '., 4 •• 1.7 2.4 , .. 
2 •• 
• •• 
26' 62.2 
10.0 1., 
1.2 1., , .. 
.. , 
•• 2 
27 6~.1 
7 .• 2.7 
.. , 
.. , 
••• 1.2 
••• 
28 67 .S 1., 
'., 
.., )., 
1.4 , .. 
..1 
" 
P·"·,,,,h,c dot, """od"<"Io, .... ,. , ... d'."'d (, .. (."ho. ".d, 
). 66,) 
2.1 7 •• 2.2 4.2 2., 
). ) 
••• 
11 
.... 
.. ,
2.7 
.. , 
1.. 2.2 
.. , 
•• 1 
31 7S . 6 2., 
1.. 1.) 2 •• 
) .. 2., 
.. ' 
lJ 72.6 
'.7 1.7 1. 7 1.2 1., 
I.. 
..2 
" 7~,2 ' .) 2., 
1.. 2.7 1.. 2. 1 
·.2 
" 7~ . 8 2.7 1., 
••• 2.7 2.2 1.2 
·.1 
" 1~.2 2 .• 2.) 
• • 2 ).1 
I.. 
·.8 
· . 1 
" 6'.~ ,., 
2 •• 
• •• ) .2 2.) 
I.. 
. .) 
). 
71.2 
'., 7 •• 
• •• 4., 
) .. )., 
••• 
" 68.9 ).) 
••• 
• •• I.. 1., 
2.) 
••• 
•• 1~.O 
' . 1 
.. , 
1., 
2 •• 1., )., 
••• 
" 
79,0 
'.7 
'.) 
.. , 
••• 
..7 
2.7 
••• 
-----------------------------------------------------------------------------------------------------
• S-ple 18 Yhfbl y weathered. 
1 d" ........ , c·".".d (., .,,,''' .... " con" .. 2 abbravhUona: 
... ". -v,,,,,,''. P ...... - , ..... v""., ... _ .., •. ""'"'' F .... • ( . " " " . H1crl.n .. . 1cr l.nhe , and ",",crtn .. aacrJ nfte 
W 
ex> 
Table S 
Ha~ara1 and H1naral Co. 
o8!Uon and Vl trJn1ca Raflactance of Coab* Coal a.actlve lnart PUnaral VltrlQ1ta .axt.u. 
Standard devn 
IllAcer • . h 
"cerab Utter 
reUectance 
., 
.... ratlect 
1 81.7% 6.1% 11 . 6% 0.61 ! 0.047 
2 80 . 2 6., 13.5 0.42 0.038 
, 
91.1 1., 7.0 0.70 
0 . 042 
4 86.1 
'.1 8.8 0 . .59 
0.032 
, 
86 . S 4., 8 . 6 0.S6 0.031 
6 86 . 2 
'.4 10.S 0.57 0 . 038 87.1 4.1 8 . 8 0 . 60 0.032 
8 80. 5 8. 2 11 . 3 0 . .53 0. 033 
, 
81.2 7. 2 
'.1. 6 0. S8 
0. 038 
10 80 .9 8.l 10.9 
0 . " 0 . 036 
11 74.8 4. 1 21.0 0 • .56 0.042 
12 7S. 0 4.0 21.1 0. 55 0.039 
13 84 .2 
' . 0 10.9 0. 61 0. 030 
14 84.6 
'.8 
'.7 0 . .58 
0.043 " 
78.3 8., 13. 3 0. 61 
0 . 037 
16 83. 5 6. 6 10. 8 0.S4 
0 . 047 
17 82.6 ,., U.l 
0.'4 0.042 
18 84 . 1 ,., U.O 0 . .54 0 . 041 
19 84 .1 l.6 12 . 4 0.S7 
0.042 
20 84 . S l . 8 11.8 0 . .53 
0 .03S 
21 83.2 ,., 11.2 0.71 
0 . 026 " 
82. ' ,., 12 .0 0. 73 
0.032 
2J 83 . 5 6.2 10.4 0 . 74 0.03S 
24 85.1 4.1 
' . 7 0.60 
0 . 049 " 
8'.8 6.1 8 . 1 0 . 87 0.041 
26 77 .0 
'.7 17.3 0 .87 
0.041 
27 78. 7 10.6 10 . 7 
0 . 76 
0 . 032 
28 86.3 4. 0 
' . 7 0.64 0.034 
29 
Pattosr.phlc data 
irrep roduclbla; 
--.pIa to .. dropped 
lO 82.1 6.0 11. 9 0 • .58 
0.037 
~ontlnuad 
bbh 
'. COntinued Co" R"ective Inert 
/Unnel 
Vitrinite 
"l(tIlUill Stenderd 
"." 
!lacerel. 
.!:!cereh 
.!:!.tte.!... 
reflectence 
-
of .... 
reflect 
11 86.3 ) .) 
10 .4 
O • .59 
0.041 
" 85.5 
'.0 9., 
0 .. 65 
0.037 
)) 
83.8 
2.9 
13 . 3 
0.72 
0.030 
" 87.0 2 .• 
10.2 
0.69 
0.047 
" 82.1 <. 2 
1l.7 
0.58 
0 . 030 
" 80. 0 <.2 
B.8 
0.58 
0.032 
" 79 . 9 
'.0 H.l 
0.66 
0.042 
J. 89.6 
'., ).9 
0.67 
0 . 031 
" 82.5 1., 
B.6 
0.65 
0 . 026 
<0 92 .0 ).< 
< •• 
" 
95.8 
0.70 
0.036 
0.9 J . ) 
0.6] 
0.031 
---------------------------------------------------------------------------
"',,''' "'P'''''." .n 'ry bUb ",., ,.",,'" (., o.1n,,,, ""n 
,.,"'" ,",.,., .. ,'" "n"n, by p." P"""'" Y""n',. "(l""n,. 
" ," ., ,<. no. """Y' """" .,' "",,., .. • , 'h. " •• , 
Y''''n'te , ","'OY''''n'<o, "'n' <0 , ""n',., ""''In'te, en, 'no "'" 
., 'h, "·""'n',., "h" "'0'.' "'p.n.n" (T'bl, <J 't, "'n", ., J~! rt . 
40 
tab!. 6 
ASllf C1e.der PlaaUC1tr: : Standard Data" COal T!.of ten1nll. 
l! .. x flU1d1tl1 T!.oUd1f1cn! 
In! ... flu1d1ttl 
Hax flu1d1 t,l 
01 386.0 
.:!:: 2.6 418.3 
.:!:: 2.6 437 .4 
.:!:: 2.1 2,'65!: .454 
13 . 0 
02 384.6 0.' 422.7 0 •• 437.8 0 •• 2. 2'9 
.033 
••• 
03 390.4 3.7 432.0 0.0 450.3 I.' 3.343 
.046 28.3 
04 382 . 8 0 •• 428 . 3 1.0 451.5 0.' 6.300 
.099 544 . 
0, 390 . 9 1.. 430.8 1., 4!i2 .8 0 •• 4 . 4'6 
. 023 £16.1 
O. 381.7 1.0 421. 0 1.0 457 . 3 0 •• 9.888 
. 254 19,690 
07 383.0 0.1 425 . 5 2 •• 4$).2 0.7 6 .65) 
.029 775. 
o. 387.0 4.2 427 . S 4.4 448.1 1.2 3.927 
.135 
'0 .7 
O. 389.) 2 •• 426.3 0 •• 446 . 9 0.2 3.744 
.101 42.3 
10 389.8 2.2 426.3 0 •• 4!iO.O 1.2 4.502 
.070 90.2 
11 390.8 0 •• 424 . 5 2.3 44 8.!i 0.2 4.'94 
.044 98.9 
12 387.8 0.' 423.0 0.0 450 • .5 0.3 
'.431 
.OU 228. 
13 376.4 0.3 422.3 0 •• 451.8 0 •• 6.292 
. 185 540. 
14 385.7 3 •• 425 .0 4. 7 4;2 . 7 3 •• !i. 214 
.036 184 . " 
378.9 0 •• 424.0 0. 0 449.9 1.1 !i. 992 
. 116 400 • 
16 3&.4 .1 
' .1 423.5 1.3 44!i . 7 1.. 4.164 
.122 64,J 
17 392.8 3.8 430.0 , .. 448 .7 3.1 3. 812 
. 320 4!i.3 
1. 388.3 2.' 428.0 0 •• 446.!i 0 •• 3.287 
.106 26.8 " 
383.3 1.2 428. 0 1.0 4!i0.4 2 •• 4.756 
.046 116 . 
20 383 . 2 I.. 423.3 1., 448. 8 0. 2 4.51 3 
. 117 91.2 
21 374.8 0.3 (419-428 °) 46 3.4 0 •• 10 . 315 
.019 30.000. 
22 37S.7 0 .5 (422_43,5°) 467 .0 0.4 10 . 318 
.0lS 30 , 000. 
2J 383 . S 1., (422-434°) 467.1 1. 7 10.326 
.006 30,000. 
24 384.8 1.7 423.7 0., 444.6 1.0 3.5'1 
.0'6 34.9 " 
391.2 0. 4 428.3 2 •• 471.4 I.. 10 . 323 
. 010 30.000 . 
26 402.1 1., 437.7 0 •• 461.4 0 •• 4. 768 
.047 lIB. 
27 378.8 1., 422.6 4.2 464. 1 1 . 2 10. 113 
. 18, H.lSO. 
2. 396 . 6 0 •• 437 . 3 1.0 4!i1.2 1.. 1. . 924 
.332 18.6 
cODUnu.d 
42 
rabh 6 , c.o"t i nued 
£2! T~.o(t.n1n&l T~cux (luld1tv2 T~.oUd1flcn2 In~ .. x fluld1tl2 Hax flu1d1t:! 
29 393.8 ± 5.7 428.0 ! 4.6 448 . 0 ! 3.0 3.678 ± .296 39.6 
30 389.2 2.7 426 . 3 1.5 442.9 1.1 2 : 786 .052 16.2 
31 387 . 0 1.4 42'.3 0.6 445 . 3 0 . 8 2. 889 .003 18 . 0 
32 376.7 2.7 418.0 3.4 461.3 1.4 10. 298 • 018 30,000 • 
33 371.3 2.1 (415-431 0) 464.8 2.3 10.) )0,000. 
34 380 . 6 1.2 419.8 3.2 465.4 0 .3 10 . ) )0,000. 
35 375.0 0.8 421.6 0.5 457.6 2.0 9.262 . 022 10 , 530 . 
36 385.1 0 . 1 421. 0 3.6 456.0 1.0 5.220 . 174 185. 
37 382.0 3.0 4)1.0 0.0 457.3 0.3 6.046 • 089 lI2) • 
38 396.0 0 . 5 433.5 2.' 458 . 6 1.5 5.230 .064 187. 
39 395 . 5 2.2 4)J.O 0.0 456.9 1.2 5.414 .052 224. 
40 401.0 3.0 435.8 1.5 454.0 3. 0 3 . 096 .517 22.1 
41 )97 . i 0.9 436 . 0 1.6 459.0 1.2 5 . 379 .137 217. 
---------------------------------------------------------------------------------------
• Data ara averas •• of quadruplicate runs by co~t.at-torqu. Ci ••• ler pl •• tom. t er, 
us1ng ASTH St andard 02639 (rafarance 6). TCaoftening) ia t ha t amperature cOe) 
at vhich t he initially .. ltina .... a t taina afluidity of 1 d.d.p.c. (approxieately 
comparabla to a Nevtonian vLscoaity of 10 .alapoiaa) . T(aolidifcn) ia the tempara-
ture at which fluidity of the cokiOi co.l maa. falla to 1 d.d . p.m. The c.ximum 
fluidity i. in dial diviaiona per minute (d.d.p.c.) and ia averaged geometrically 
(i.e., by averaging the logarithma of the individual sax1mum fluidities). When the 
distribution of the individual data ia .uch that an out lier falls more than three 
standar d deviations Outside the ave rase of t he remAinins three data , the reported 
aver4t J a that of the best three deter=inatlona . 
Ta bla :z 
Coal 'rac t ion. Extractabla b% nI, and bl DKF'. 
Z Lo •• ot Da Cod wi t h ho t THF 
% Lo .. of !ttl Cod vith ho t DKF Cod Averala Lo •• Standard o.Yn. Avarale Loe. St andard DeYn. 01 12.75% ! 0.18% 24.18% ! 0.0]% 02 11.99 0.46 22.46 1. 76 03 13.37 0.29 18.84 0 .• 19 0' 14.59 0.71 22.15 1.88 0, 12.58 0.27 22.92 1.71 o. 17.82 0.03 23.03 0. 41 07 19.64 0.11 24.20 0.31 08 12.44 0.96 22.78 1.47 O. 13.02 0 . 02 23.77 0.03 10 13.62 0.05 22 . 30 0.30 11 13.45 0.02 24.41 0.74 12 12.74 0.58 24.24 0.43 13 14.65 0.08 29.02 2.17 .. 17.21 1.15 29. 00 2.94 IS 13.49 0. 08 25.11 1.H 1. 15.07 0.02 26 . 13 0 . 98 17 13.99 0. 06 24.78 1.48 18 12.7S 0.14 21.12 0.20 1. 15 . 69 0.17 23.45 2. 86 20 IS . l4 0.09 23.12 1. 72 21 16 . 25 0.38 l2.01 0. 12 22 14.16 0. 03 33.64 0.62 23 14.21 0.11 )2. 14 0.84 24 14. 8S 0.03 23 . 03 0.33 2S 10.99 0.19 28 .70 0.02 
- c:ol'ltinued _ 
Table I ~Cont . 2 
eoal FractioQa Extractabla 
'I nt' and b;[ DHF* 
% Lo .. of D!;l Cod vi th hot THY I Lo .. of DII eoal vt t h hot Dta' 
Coal Avara.a Loa. Standud Devn. Averale to .. Su nderd o.vn. 
26 10 .79% :t 0 .02% 22.12% :t 0.55% 
21 16.34 O.SS )S.l2 0.94 
28 11.10 0 . 13 1S.79 0.18 
29 (outted lro. .tudy ) (o.i t eed fro. ftudy) 
30 14.54 1.06 23.49 0.67 
Jl 14.24 0 . 90 23. 97 0.16 
32 1S.86 0 . 05 26 .23 0.26 
JJ 17 . 98 0.06 27.41 0 . 14 
" 
17 .07 0 . 35 34.47 O.lS 
J5 IS . 72 O. lJ 27 . 43 0.02 
36 14.67 0. 37 25.73 0. 14 
J1 13 . 63 0.06 24.50 1.82 
38 _2.21 0 . 32 22.65 0.03 
39 12.48 0 . 26 22 . 89 0.81 
40 11.03 0.09 19 . 71 1. 06 
41 13 . 33 1.02 22.98 l.81 
avera,e. : 14 . 271 :t 0 . 29% 25.12% :t 0. 8S% 
- - ---------------------.--------------------------------
* Replicate (.aat l y ttip1icate) Soxhle: ex t raction. at at.aapharic ptas . ura 
ra f ~~ th tatrahydrofuran (THF) and with N.K-d1mathyllo~da (UHF) . 
upon pradriad coal ... p1aa. Data aot corrac t ad for ~naral .. tter 
contant . Outlia r data raj ectad if mo r a than .is atanda rd daviatloQS froe 
avara,a of ot har rapl i ca t e •. 
~5 
The fluidity of eac h coal is determined by means of 
the standard AST~l constant - torq ue Gieseler plastometer 
procedure. Quadrupli cate plastometer runs were made with 
each coal. The averages reported in Table 6 are arithmetical 
averages of the individual temperature determinations, and 
the geometric averages of the maximum fluid ities. 
Table 7 presents the coal fractions extractable by 
THF and DMF. 
Table 8 presents the hydrogen distribution in coal and 
coal residues used in this study. 
Table 9 presents H(aromatiC)/H(aliphatic) ratios in 
the coal extracts. Each measurement is determi ned by using 
Nicolet MXl Fourier Transform Infrared Spectrometer and 
Varian EM360A Nuclear Magnetic Resonance. In the case of 
FR- IR measurements , 19 . 2 and 11.5 are the extinction 
coefficients used for calculating H(aromatic) and H(aliphat ic ), 
respectively. These extinction coefficients were suggested 
by Solamr m. (37) 
~. 
Myd.-oun Olur i butlon 1n Co.I. and Coal R~'ldu~. 
InC ••• ASTl1 H~ ... o~tlcl/H!.112h.t1cl ut10 
f!!1 fluldStv ra\,' coal TNr ~xtn residue DMr txtn re.ldut 
01 2 . 57 0 . 41 0.84 0.94 01 2.26 O.8~ 1.80 1. 42 0) 3.3' 0.,(,3 0.78 0.99 04 6 . )0 0.59 0.64 1.0~ 
05 1..46 0.44 0 . 80 0.85 O. 9.89 0.61 0.64 0.99 07 6.65 0.59 1.37 1.49 06 3.93 0.51 0.93 loB 
09 3.74 0.62 1.27 1. 70 10 ',50 0 . '2 1.47 1.17 
II 4.59 0 . 58 0.78 0.76 
11 5 ... 3 0.48 0.56 0.85 
13 6 . 29 0 . 45 0 . 71 1.13 
" 
5.21 0 . 33 0.') 1.06 
15 5 . 99 0 . 50 0.84 0.82 
" 
4.16 0.58 0 . 86 1. 21 
" 
3.81 0.56 1.43 1. 81 18 3. 29 0.5' 1.05 1.19 19 4 . 76 0.51 1.0' 1. 54 
10 4.51 0.49 0.64 0.83 
21 10.32 0.'9 1.14 0.87 22 10.32 0 . 49 0.64 0.86 2) 10 . 33 0.49 1.11 0.81 14 J.SS O.4~ 0 . 61 0.82 
25 10. J2 O. )7 0.66 0 . 79 2. 4.77 0.52 0.94 0.86 1 - 10.11 0.52 0.57 1.11 
" 
2.92 0.84 0 . 86 1.13 
)0 2.79 0.31 0.95 1.06 31 2.89 0.59 0.97 0.77 32 10.30 0.47 0.73 0.97 J) 10.30 0 . 53 0 . 93 0.82 
" 
10.30 0.59 0 .72 0.9' 35 9.26 <f:67 0.75 1.00 3. .5.22 0.62 1.27 1. 33 37 6.05 0.64 1.35 1.06 38 5.23 0 . .51 1.33 1.03 39 S.41 0.48 0.68 0.64 40 3.10 0.406 0.63 0.8' 
" 
5.38 0 . 35 ('1 . 80 0.76 
42 0.48 1. 22 4) 0 . 73 1.80 
~7 
TABLE 9 
Ana l ysis of THF Extracts 
NMR In (max max F'l'- IR Selected Coal No . KCER No . fluid1t :O F1uid1t;t Har /Ha1 Ratio 01 9021 2 . 565 13.0 0 · ~9 0 . 5q 02 9022 2 . 259 9.6 0.69 0.63 03 9029 3.3q3 28.3 0.65 1. 30 O~ 9036 6 . 300 5~q . 0 . 89 0 . 5~ 05 9037 q . ~56 86 . 1 0.99 0 . 63 06 90 ~ 5 9.888 19 , 690 0 . 55 1. 05 07 90~6 6 . 653 775. 0.61 1.10 08 9052 3 . 927 50.7 0 . 70 0.8 q 09 9055 3 . 7~~ Q2 . 3 0·73 0 . 87 10 906Q ~.502 90 . 2 0 . 57 0.51 11 9398 ~ . 59 Q 98 · 9 0 . 53 0.92 12 9399 5.~31 228. 0.69 1. 27 13 9072 6.292 5~0 . 0 · 97 1. 00 1~ 9077 5 . 21~ 18~. 0 .60 0.87 15 9085 5 . 992 ~OO. 1. 07 0.9 ~ 16 90 89 ~ . 1 6~ 6~.3 1. 07 1.13 17 9099 3.812 ~5.3 0.6~ 1. 00 18 9100 3 . 28 7 26.8 1. 35 0 . 56 19 9109 Q. 756 116. 1. 75 1. 06 20 9110 ~.5 1 3 91. 2 1. 33 O . ~O 21 9121 10 . 315 30 , 000 . 0 0 . 85 1. 09 22 9127 10.318 30 , 000 . 0 0.92 0.87 23 9129 10.326 30 , 000 . 0 0. 59 1. 02 2Q 9158 3. 551 3 ~·9 0 . 65 0 . 87 25 6083 10 . 323 30 , 000 . 0 0.55 0 . 69 26 7625 ~.768 118 . 0 . 71 1. 06 27 7626 10 .113 25 , 150 . 1. 33 1. 35 28 8055 2.92Q 18 . 6 0. 63 0. 69 29 
(Table 9 cont i nu ed on next page) 
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Table 9 (continued) 
NMR 
ln (max max FT-IR Selected Coal No. KCER No. fluidity ) Fluidity Har/Hal Ratio 
30 9146 2 .786 16 . 2 0 . 75 0 . 50 
31 9159 2 . 889 18 . 0 0.82 1.10 
32 9335 10. 298 30,000. 0 . 63 0.41 
33 9342 10.3 30,000. 0.47 0 . 22 
34 9344 10.3 30 ,000. 0 . 95 0.98 
35 9418 9 . 262 10 ,530 0.96 0.98 
36 9419 5 . 220 185 .0 0.65 0.95 
37 9556 6.0 46 423.0 0.52 0 . 96 
38 7701 5.230 187. 0 . 55 0 . 71 
39 7704 5.414 22 4. 1.11 0.98 
40 7708 5 .379 217 . 0.5 2 0 . 27 
*The FT-IR Spectra of these samples mainfested unusually 
strong intensities in the aromatic out-of-plane C- H 
stretch. 
CHAPTER V 
DISCUSSION 
between a r omatic and aliphat ic hYdr ogen Conten t, it is 
for low Plastic coals. Befor e considering correlations 
tYPical for the set Obtai ned fo r al l coals used in this stUdy. 
Figures 5 , 6 and 7 are the characteristic SPectra Obtained 
for highly Pl ast i c coals, while Fi gure 8 , 9 and l O a re tYPical 
The spectra sho wn in Figures 5 , 6 , 7, 8 , 9 and l O ar e 
they can be distintuished and qUantitatively measured by FT- IR and NMR . 
f unctional groups pr esent in coal and the degree to which 
important t o discuss t he types of aliphat ic and aromatic 
In the FT-IR spec tra, a number or band aSSignments are 
common to all t h·.lje hVb coals. A s trong band at 3400 cm -
l is assignab l e to O- H stretching . A weak band at 3040 cm-
l 
Out - of- Plane bending mOde s . 
is due to al i phatic C- H stretch. The strong band at l450 cm -
l is due to methYlene and me thYl bending . The bands between 
l OOO and ll OO cm -
l 
are Often aSSigned to the C- O Single bond 
stretch of aliPhatic ethers and alcohols. Finally, the bands 
between 700 and 900 cm-
l 
may be aSSigned to the aromatic C- H 
The NMR spectra of the coa l extracts consist or a number 
of partially overlapPing envelopes rather than the sharp 
lines which are characteristic of NMR Spectra. The aSSignments 
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of signals to proton types is likely,therefore, to be only 
approximately correct . It should be borne in mind, however, 
that 5 ppm was the sweep width scale chosen to run the samples . 
Consequently, the values given below are twice the values 
that will be obtained if the samples are run on the standard 
10 ppm scale. Hydrogen on carbon atoms alpha to aromatic rings 
(benzylic) was assigned to the peak that lies between 6 and 
3.3 ppm. Aliphatic hydrogen was assigned to the peaks less 
than 3. 3 ppm. These assignments were made relative to 
tetramethylsilane (TMS) as internal r ef e r ence. 
In terms of quantitative measurements , we have been 
primarily interested in t he aromatic/aliphatic hydrogen 
ratio . In the case of the FT- IR measurements, the procedure 
we have used is that proposed by Solomon: (37) aliphatic 
-1 hydrogen is estimated by the intensity of the band at 2920 em 
and the aromatic hydrogen by the average intensities of three 
bands near 800 em-I. We have used the extinction coeffiCient 
ratio sugg '.~g by Solomon to calculate the H(aromatic)/ 
H(aliphatic ) ra t ios for the ~O coals . Integration values were 
used in the case of NMR measurements to determine H(aromatic)/ 
H(aliphatic) ratios . These data are presented in Table 9 . 
A statistical analYSis system was run using the FT- IR 
a nd NMR data and several types of fluidity measurements. 
Correlation coeffiCients were found between these data and 
the fluidity measurements. 
A correlation coeffiCient of 0.22 was found when relating 
the Gieseler ASTM maximum observed fluidity and NMR selected 
ratio. A correlation coeffiCient of 0 . 18 was found when 
57 
relating the Giese ler ASTM maximum observed fluidity and 
FT- I R H(aromatic / H(aliphatic) ratio. A correlation coef-
ficient of 0 . 31 was found when relating NMR se l ected ratio 
and FT- I R H(aromatic)/H(aliphatic) ratio. We feel that these 
are poor co- relation coefficients. 
In the case of multiple regression analyses , better 
correlations were found between FT- IR and NMR data and the 
fluidity measurements . The result of the multiple regression 
correlations is summarized in Tables 10-13 . 
The failure of the FT- IR and Nf4R parameters considered 
in t his study to be of a ny significance when corre l a ted with 
the THF extracts in predicting plasticity of mid- ranked bi-
t uminous coals can be traced to sever al factors . 
In the case of FT- IR measurements , the procedure we have 
used was that proposed by Solomon, (37) whereby the aliphatic 
hydrogen is estimated by the intensity of the 2920 cm-
l 
a nd aromatic hydrogen by the average intensities of the 
three " n.d l' near 800 em-I. In the case of the aromatic 
hydroge n , t he average intensities of the three bands nea r 
800 cm- l were integrated and assigned single coefficient 
values . This implici tly assumes that the extinction coef-
ficients of these t hree bands are the same or that the relative 
intensi ties of the three bands remain unalt~red from coal to 
coal . The latter possibility is clearly lIOt true when coal used 
in this study was examined . There are significant differences 
in relative intensities in the aromatic hydrogen bands that 
reflect different degrees and types of aromatic substitution. 
TIIBLE l O 
MUltiple Regres s i on Ana l)'"i s 01' the THF' Extracts 
USing Mor" Than One Parameter 
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VARIA~~E STATISTICS 
-------------------
VARIA~LE XCI), ~ITRINITE ~AXIMUM REFLECTANCE 
~EAN VALUE ••••• • ••• • • 62£923077 
STANDARD DEVIATION .••• 1/I913E.83E.51 
VARIABLE X(2): PYROLYSIS LIGUIDS SIGNA:. 
-Mi:AN VALUE •••••••••. 1342.9e.41 
STANDARD DEVIATION ••. f,46.1341£ 
VARIA~LE X(3): THF EXTRACTA~LES 
MEAN VALUE ••• • •••••• 14. 1794B7
c
' 
STANDARD DEVIATION •.• c:.11289"2 
VARIA~LE Y: LNCMAX FLUIDITY BY INTERSECTION) 
MEAN VALUE •••••••••• 7.28B5384£ 
STANDARD DEVIATION ••• 4.23011£59 
-------------------
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Table 1 0 (cont1nued) 
-------------------
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• b2~ {, t]3 1 07 
Table 10 (continu ed ) 
-------------------
EOURTION STRTISTICS 
-------------------
SS REGRESSION •••••••••• ~B9.37~163 
SS RESIDURL •••••••••••• 90.~92512B 
SS TOTAL ••••••••••••••• 679.967676 
• • • • 
INDEX O~ DETNIR-SO) ••••• 866769383 
CORRELRTION COE~~ ••••••• 931004502 
STD ERROR O~ ESTIMRTE •• 1.60883732 
MEAN SQURRE •••••••••••• 2.~883~7~2 
DEGREES O~ ~REEDOM ••••• 3 RND 35 
• • • • • • • • • • • • 
- - -----
~ RATlO ••.••••••••••••• 75.9007931 
-------
--------------------
T RATIO ON VARIABLES 
--------------------
VARIABLE XII). ••••• 5.17314084 
VARIABLE X(2)...... 7.81804917 
VRRIABLE X (3). ••••• 3.27377946 
VARIABLE STATISTICS 
-------------------
VARIABLE XII), VITRINITE MAXIMUM RE~LECTANCE 
MEAN VALUE ••••••••••• 626923077 
STANDARD DEVIATION .••• 0913683651 
VARIABLE X(2): PYROLYSIS LIDUIDS SIGNAL . 
MEAN VALUE •••••••••• 1342. 9641 
STANDARD DEVIATION ••• 646.13416 
VARIABLE X(3), TH~ EXTRACTABLES 
MEAN VALUE •••••••••• 14.1794872 
STANDARD DEVIATION ••• 2.1128902 
VARIABLE Y: LNCMAX FLUIDITY BY INTERSECTION) 
MEAN VALUE •••••••••• 7.28853846 
STANDARD DEVIATION ••• 4.23011659 
-------------------
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TABLE 1) 
Multipl~ ReGression An~lys1s of the NMR/FT-IH Ratios 
UsinG More Than On~ Parameter 
MULTIPLE REGRESSION AN~LYSIS 
(,4 
DEPENDENT VARIABLE • LN(MAX FLUIDITY BY INTERSECTION) 
INDEPENDENT VAR •• 1 · VITRINITE MAXIMUM REFLECTANCE 
INDEPENDENT VAR •• 2 PYROLYSIS LIDUIIDS SIGNAL 
INDEPENDENT VAR. .3 THF EXTRACTABLES 
INDEPENDENT VAR •• " NMR RATIO/FTIR RATIO 
SET ttl .61 9S7.~ 12. B 1.1100 ~.692 
SET tl 2 4'=' . ~ 1212 12 .90524 2.646 
SET 113 .7 603 13.4 2.0135 3.5E.7 
SET II" .. :59 1150.5 14.E. • 6005E. 7 • .,0" 
SET II~ .5E. 1329.3 12.E. • 63B20 4.971 
SET 
"E. . Eo 126~.5 19.6 1. B172 B. ""7 
SE ,."? .. 52 1112.3 1~ • .tt 1. 200B 4. I BB 
SET liB .5B 9 59.5 13 1. IB83 3.925 
SET 119 .. :;7 12E.8.'3 13.6 .9020:- 5.254 
SET II1lb .5E. 147E..B 13. 5 1.741E. 5.087 
SET "II .. 55 1082 12. 7 702.44 6.6B~ 
SET "12 • E.I 1407.5 14.7 1.03E.2 7 .. 59E. 
SET 1113 .5B 12B4.3 17.2 1.4517 E..19B 
SET "II, .61 lE.83.B 13.5 • B7440 7.~1~ 
SET tl15 .54 1597.4 1~. 1 1. 05Bl 4.7.,E. 
SET II IE. .54 S98.~ 14 1. SE.E'5 4.403 
SET 1117 .. 54 820.~ 12.B .416BB 3.795 
SET IIIB .57 1322.7 1~.7 .60923 ~.5S7 
SET .,19 .53 1100. Eo 1~.3 • 29B43 4.459 
SET .,20 · 71 261S.2 IE.. 3 1.2B05 14.24E. 
SET .. ,I .73 2507.9 14.2 .94092 14.776 
SET .,22 .74 22E.3.9 14." 1. 720B 1~.3ItZ 
SET .,23 .6 1053 14.9 1.3.,7B 3.B14 
SET .,24 • B7 2913.5 11 I. 25E.7 14.7E.7 
SET .. 25 .B7 919.E. 10.B 1.5014 5.65 
Tab l e 11 (contjnued) 
SET .2b .7E. 2~41 
1E..3 1.01 .. 3 
SET .27 • & .. &22.9 
II. I 1.1119 .. 2 
SET .28 . ~e 1088.& 1".5 
.&&&6& 
SET .29 .59 784.7 . 
14 .. c.' 1.3398 
SET .3111 .. 65 2125.5 
18.9 .& .. &5 .. 
SET tl21 .72 243E. 
18 ... 7345 
SET 1132 .69 2471. I 
17. I 1.0258 
BET e33 .58 1498." 
15.7 1.0268 
SET .34 .58 1 .... 9.7 1".7 
1."522 
SET .35 .6& 1111 .. 2. I 
13.& 1.8312 
SET 113& .67 500.5 
12.2 1.297" 
SET .37 .65 "05. I 
12.5 .87978 
SET .38 .7 310.9 
11 1.1813 
SET .39 .67 793. -«. 
13.3 .51522 
VARIABLE STATIST ICS 
-------------------
VARIABLE X(I)' VITRINITE MAXIMU~ REFLECTANCE 
MEAN VALUE •••••••••.• 62&923077 
STANDARD DEVIATION .••• 1!19 I 3E.83E.51 
VARIABLE X(2)' PYROLYSIS LIDUIIDS SIGNAL 
MEAN VALUE •••••••••• I ~" - " 9&4 I 
STANDARD DEVIATION ••• &4£..13 .. 16 
VARIABLE X(3)' THF EXTRACTA&LES 
MEAN VALUE •••••••••• 1 ... 1794872 
STANDARD DEVIATION ••• 2.1128902 
VARIABLE X("), NMR RATIO/FTIR RATIO 
MEAN VALUE •••••••••• 19. 111858599 
STANDARD DEVIATION ••• 112.30&179 
6, 
12 .. ~:; 
3."77 
3.349 
3.21& 
1 .... 78~ 
1£..39::-
15.21 
11.084 
6.878 
7.557 
6.0170 
6.111" 
3.805 
6.379 
VARIABLE y, LN(MAX FLUIDITY BY INTERSECTION) 
MEAN VALUE •••••••••• 7.2885384& 
STANDARD DEVIATION ••• 4.23011659 
-------------------
Table 11 (contjnued) 
----------- --------
REGRESSION EOUATION 
-------------------
VARIRBLE X(I' •••••• 
VARIABLE X(2' •••••• 
VRRIRBLE X(3' •••••• 
VRRIRBLE X(~, .....• 
17 , 711'1~6e~ 
3,9890e7~2E-11'2 
• ~10938524 
3. 7301:;325E-11'2 
CONSTRNT........... -16.~e21612 
--------------------
RCTUAL VS CRLCULRTED 
--------------------
1 
3 
~ 
6 
7 
8 
9 
1" 
11 
12 
13 
14 
1:; 
16 
17 
18 
19 
211' 
RCTUAL 
2.692 
2.6~6 
3.567 
7.21/1" 
~.971 
e.~~7 
~.188 
3.92~ 
5.254 
!5. 11'87 
6.6B~ 
7.596 
6.198 
7.51:; 
~.726 
~.403 
3.795 
~.5S7 
~. 459 
14.246 
14.776 
1:;.343 
3.81~ 
1~.767 
S.6~ 
CRLCD. 
4.6794 
1.9218 
5.1683 
6.11'131/1 
5.1735 
9.211'81/1 
3.6767 
~.2:;88 
~.621S 
6.2259 
6.6790 
7.~~50 
7.701~ 
7.9:l34 
7.1679 
3.8197 
2.8912 
6.9080 
5. 112184 
14.851 
13.71212 
12.909 
5.9571 
16. 1£.5 
8.1102 
DIFF. 
-1.987 
.72413 
-1.601 
1.1909 
-.202:; 
-.7611/1 
.51120 
-.3338 
-.3575 
-1.138 
S.997c 
.15096 
-1.503 
-.~184 
-2.~Iol 
.583211' 
.9037:; 
-1.351 
-.610910 
-.6052 
1.0730 
2.103310 
-2.1~3 
-1.398 
-2.~60 
PERCENT 
-------
73.827 
27.367 
"10.8910 
16.531 
~.e7"8 
9.11'101 
12.206 
8.50:;8 
6.9957 
22.388 
• 08971 
1.98710 
2~.256 
5.5687 
51.669 
13.2105 
23.81': 
210.312 
14.56:; 
~.2483 
7.2619 
15.860 
56.192 
9."693 
43.51,3 
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Table 1] (continued) 
Cb 1'.5~ 13.444 
-.8947 7.1295 c7 3.477 3.0070 
.45991 13.515 28 3.349 ::'.::'383 
-C. 189 6~.371 29 3.215 4.3522 
-1. .135 3~ .. 331 30 1".785 13.161 1.623c 10.979 
31 16.395 J S. 178 1.2160 7.417V-3£: lS.21 14.330 
.87983 5.784£ 33 11.084 7.787:5 3.2954 29.741 34 £.878 7.0838 
-.2058 2.9933 -~ 7.5S7 6.313'0 1.2435 16.45S 
.,~
35 6.0170 3.61c6 c.40'o3 39.959 37 6.04 3.0297 3.0102 49.837 38 3.B05 2.7738 1.0311 27. 101 39 6.379 5 . 34211 1.0388 16.285 
AVERIlGE PERCENT ERROR £ 21.789 
-------------------------
STD DEVNS FROM 8EST SLOPE 
-------------------------
CASE til 
-1.25305018 
CASE tl 2 
.450201052 
CASE tl3 
-1.01770709 
CIlS£" tl4 • 755845907 
CIlSE tl5 
-.128731842 
CASE tl5 
-.483684958 
CIlSE tl7 
.324881015 
CASE tl8 
-.212170864 
CIlSE tl9 
-.23359054c 
CIlSE 1110 
-.723803048 
CASE tI\1 3. 81135777E -03 
CIlSE tl12 • 095940334 I 
CASE tl13 
-.9554639£1 
CASE tl14 
-.255950367 
CASE "1~ -I.551B915 
CASE tl16 • 370539551 
CASE tl17 
.574354893 
CASE tl18 
-.858£2052 
CASE tlI9 
-.'01275793 
CIlSE tl20 
-. 3846286U, 
CASE tl21 
.681927191 
CIlSE 1122 1.54649894 
CASE .23 
-1.3520276£ 
CIlSE 1124 
-.888571147 
CIlSE ft25 
-1.56352081 
~'''b1e 1] (con tin ued) 
CASE _ 2(, -.5G8G~I~I" 
CASE fl27 
.298G"3793 
CASE fl2 8 
-1.3913511193 
CASE _ 29 
-.722121773 
CASE .30 I. 031G110G 
CASE tl31 
.772811435 
CASE tl32 
.55915G21& 
CASE fl33 2.09"99335 
CASE tl34 
-. 1308~3543 
CASE .3~ 
.79031 "887 
CASE 113G I. 528015~1 
CASE fl37 1. 91305~34 
CASE tl38 
.655346835 
CASE .39 • GGI1I 199389 
-------------------
EOUATION STATISTICS 
----------- --------
SS REGRESSION .••••••••• 595.785788 
S5 RESIDUAL •••••••••••• 8~. 1818839 
55 TOTAL ••••••••••••••• 679.9&7672 
. . ., . 
IN DE X OF DETNCR-SO) ••••• 87GI9722& 
CORRELATION COEFF ••••••• 93&05~072 
STD ER OR OF ESTIMATE •• 1.57351128 
MEAN £aJa~E •••••••••••• 2.47593777 
DEGREES OF FREEDOM ••••• 4 AND 34 
• • • • • • • • • • • • 
FRAT! O. • • • • • . • • • • • • • •• &0. 1575893 
--------------------
T RATIO ON VARIABLES 
--------------------
VARIABLE XCiI...... 5.47834512 
VARIABLE X(2).. •••• 7.87&18782 
VARIABLE X(3) •••••• 3.54107825 
VARI ABLE XC 4) • • • . • • 1. &0909048 
VARIABLE STATISTICS 
-------------------
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Table 11 ( c ontinued) 
VARIABLE X(I : . VITRINITE MAXIMUM REFLECTANCE 
MEAN VALUE ••••••••••• £26923077 
STANDARD DEVIATION .••• 0913683651 
VARIABLE X(2). PYROLYSIS LlDUIIDS SIGNAL 
MEAN VALUE •••••••••• 1342.9641 
STANDARD DEVIATION ••• 646.1341£ 
VARIABLE X(3): THF EXTRACTABLES 
MEAN VALUE ••••.••••• 14. 1794872 
STANDARD DEVIATION . •• 2.1128902 
VARIABLE X(4). NMR RATIO/FTIR RATIO 
MEAN VALUE •••••••.•• IS. 0858599 
STANDARD DEVIATION .•• 112.306179 
VARIABLE Y: LN(MAX FLUIDITY BY INTERSECTION) 
MEAN VALUE •••••••••• 7.2885384£ 
STANDARD DEVIATION ••• 4.23011£59 
------------- ------
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~u l tj pl~ h err • • SJ on Ana lYS js or the "~,I '" " '"' ,.,.,"" CO,. , .• ", JJ "" . , " 0 ", ,", . 0" ''''.'''" 
Sn -l 
se.-r flc' 
SCT "3 
SET •• 
SET ffS 
SET .£ 
SET .7 
SET fiB 
SET fl9 
SET til e 
SC 1 "2) 
SE'"1 "I e 
<t"£ ) -13 
Le T .l4 
5£' 1 .IS 
SET IIlE. 
SEl IIl7 
SET IIlB 
SET -l9 
SET "20 
l. S46(>1 
1. 59!:.C 
• 766S7 
l. S6£ 7 
l.SSl2 
6.334£ 
~.931!' 
2.1S3P1 
6. 4£ 7f1. 
4.S£ll 
e:·E.92 
2.64£ 
3.5e.-, 
7.204 
4.97l 
.9(>1909 2.482" B.447 
l.l9(>1. 3. 28B£ 4.lSB 
1. 145a 3.14~1 3.92S 1.960~ 7.099~ S.~S4 
1.0833 c.9S4~ 5.087 
c. G"I51 c: 
l 
1. 1 !i3B 
1. 06S~ 
• 88e.S~· 
1 
l. l499 
• 977S0 
1. JS1S-
1. 4499 
1. 002(>1 
C-.?lBc· 
.!. J 7q;i: 
c.ge.£,3 
c:. ltC-E.£. 
C:.718E' 
3.1S8e. 
C:.658£ 
3.lE.3(>1 
4.2627 
f...e.S5 
7.S9£ 
E.. 196 
7 .. SlS 
4.7;.:£ 
SET fl2l 
SE'T tli.'c 
SET fl23 
srT 1124 
SET 1125 
.9407:;; 
l.44S2 4 . 25ZS 
7.3B9(>1 
2.4739 
ll. E.E.9 
4.4f1,:;; 
l4.77E. 
1 s. 3.t..! 
.3.814 
l4.7£7 
SET 1126 
SFT "27 
SET tl2B 
SE 1 "29 
srT fl3(>1 
4.S2Q:7 
1 .. 0545 
1.1/I"6l 
l.4(>19(>1 
1.0c,'lc-
9l.908 
2.8705 
~.846e. 
4.1119",(>1 
2.776£ 
3 ... 77 
3.34S 
3·C:1E. 
14.785 
1£.395 
6.S7s 
7.~S7 
E.. I/Il 71/1 
6.1114 
Tabl e 1 2 (conL inu e d) 
SCl .. 31 
SET tl32 
1.85&3 
3.76511> 
6.411>11>1 
43. 1M, 
3.8~5 
E.. 379 
VARIABLE STATISTICS 
VARIABLE XII), HIPARAFFINICI/HIBENZVLIC) 
MEAN VALUE •••••••••• 1.443978& 
STANDARD DEVIATION .••• 8513E.7528 
VARIABLE X( 2 ): EXP[HIPARAFFINICI/HIBE~ZVLIC») 
MEAN VALUE .•••.••••• 7.94714961 
STANDARD DEVIATION ••• 16.942733 
VARIABLE V, LN MAX FLUIDITV ~V INTERSECTIO~ 
MEAN VALUE ••.••••••• 6 . 79225 
STANDARD DEVIATION .•• 3.99851729 
REGRESSION EOUATIO~ 
VARIABLE XII) •••.•• -.894760595 
VARIABLE ~ (2) • • ••••• 135731178 
CON5TA~T •.•..•••••• 7.00558932 
ACTUAL VS CALCULATED 
tI ACTUAL CALCD. DIFF. r-ERCE~T 
------ ------ ---- - -------
I 2.692 E..2136 -3.S21 130.81 
2 c.L46 5.£472 -3.611>1 135.1(11 
3 3.557 E..611£' -3.044 8S.35E.. 
4 7.204 £,.2131 .99(1189 13.754 
5 4.971 6.2505 -1.279 2:;;.7lt(!1 
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Table l ? (cOnti nued ) 7;? 
E- B ..... ., t. ~29V, 1.91"9 2C: . 70!:. 
., 
". I 8e 6.3867 
- 2 .198 5C:.~01 B 3 . 9£:~ 6."0"2 
-co .t.8 c· 63. ~'4~ 
9 5.25"- 6.2154 
- • . 9E.l" 18.299 
10 5 .. 17187 6.437c' 
-1· 3 5Cl'1 2f..~44 I I 6.685 7 . 139., 
-.4547 6.8027 
12 ?S9e. e.. 4"97 101162 14.694 
i3 E. . 19B f.. 4035 -.20~5 3.31~? I .. 7.~J~ 6.41061 I. 1/1688 14.223 
IS 4.726 6 . 5101., 
-I. BIS 3B.420 16 4.403 E.. 4"9., 
-2.1/)76 4".167 17 - 14 .7"6 6.10053 B.3706 56.650 IB 15.343 6.491~ B.BSJolt 57 .. 69'" 19 3. Bl4 6.4045 
-2.590 £7. 9 2c: 
c.' CZI 14.767 6 .2868 8.4801 57.4C:f.. 21 5.6:5 6 . 5115 
-.Bt;JS 15.e-49 
c:2 3.477 6.28"3 
-2.BI0 B0.82., 
23 3.349 6.2189 
-2.869 8S.£97 
24 3.21E. 6.5309 
-3.314 103.0., 
25 14. "BS E. . 391 I 8.3938 SE..772 c:(. 16.39!5- 15.435 
.9S9SE. 5.S5E'7 
2., E.. 878 £.4516 
.42632 6. 1983 
2B 7.557 6.4559 I. 1010 14.570 
29 6.01"1l> E.. 30"'".-
- .. cB3E' 4. "0., .. 
30 6.O4 6.4686 
-.4286 7. 097e. 31 3. 8 ~ 6.2133 
-<:."08 63.293 
3 2 6.379 9.4957 
-3. 116 48.859 
AVERAGE PERCENT ERROR ~ 44 . 736 
Tabl e 12 (conti nu ed) 
-------------------------
STD DEVNS FROM BESl SLOPE 
-------------------------
CASE III -.9384~3498 
CASE 112 
-.959£.51402 
CASE 113 
-.811337079 
CASE III, 
.2£,4053£.7 
CASE II:'; 
-.3409£.9553 
CASE liE. 
.511089928 
CASE tl7 
-.58592£.347 
CASE tl8 
-.£.£.145E.B95 
CASE 1/9 
-.25£20B902 
CAS£ tllr. 
-.359B2£.249 
CASE 1111 
-.12118507,," 
CASE "Ie .29744823:'; 
CASE .,13 
-.0547£.43£34 
CASE 1114 • 2B4829~59 
CASE .. 1S 
-.483B5£.359 
CASE 111£ 
-.553419£98 
CASE 1117 2.23O£.1£.72 
CASE 1118 2.35872815 
CASE 1119 
-.690330:;15 
CASE «2V- 2.25978221 
CASE .21 
-.229593£.5B 
CASE fl 2e· 
-.7''8909173 
CASE 1123 
-.7£.47933£.1 
CASE 
.24 
-.8B3352£.£.3 
CASE 125 2.23£'7959~ 
CASE 12£. . 25570~122 
CA9E 127 
.113£.06332 
CASE 1128 
.293413481 
CASE 1129 
- .0754799£.49 
CASE 113O 
-.114239342 
CASE 1131 
-. £.41 7£.8e. .H 
CASE "32 -.8305555S8 
-------------------
EGUATION STATISTICS 
-------------------
SS REGRESSION .••••••••• 87.2457218 
SS RESIDUAL •••••••••••• "08.38£.£.35 
SS TOTAL ••••••••••••••• "95.£.3235e. 
• • • • 
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Table 12 (con t jnued ) 
I NDEX OF DETN I R-SO I. • •• • 176(11291 (118 
CORRELATION COEFF •••••• • 101955823 
STD ERROR OF ESTIMATE •• 3.752~3877 
MEAN SOUARE •••••••••••• 14.0822978 
DEBREES OF FREEDOM ••••• 2 AND 29 
• • • • • • • • • • • • 
F RATIO .••••••••••••••• 3.097709(113 
--------------------
T RATIO ON VARIABLES 
--------------------
VARIABLE X (1).... • • -. :55372593c.' 
VARIABLE XI21 . ..... 1.~716(11~18 
VARIABLE STATISTICS 
-------------------
VARIA&LE XIII: HIPARAFFINICI/HIBENZYLICI 
MEAN VALUE •••••••••• 1.443978~ 
STANDARD DEVIATioN •••• 851367528 
VARIA&LE XI2l, EXP[HIPARAFFINICI/HIBENZYLICIJ 
MEAN VALUE ••••••••.• 7.947149~1 
STANDARD DEVIATION ••• lb. 942733 
VARIABLE Y: LN MAX FLUIDITY BY INTERSECTION 
MEAN VALUE •••••••••• 6.79225 
STANDARD DEVIATION ••• 3.99851729 
-------------------
Dependent 
Variable 
TABLE 13 
Multiple Regression Correlations 
Independent Variables 
R 
In(max flu -
intersection) H(par)/H(benz), 
-. 895 exp[H(par)/ .420 H(benz)] +0.136 
In(max flu-
intersection) reflectance, pyrolysis THF extractables, NMR liquids, ratio/ FT-IR ratio 
reflectance, pyrol ysis liquids, THF extractables 
" 
NMR ratio/ 
FTIR ratio = H(benz;:.:l1c) 
/ H(aromatic) H (paraf fini·c) H(al1phatic) 
= 
H(benz;:.:l1c) 
* 
H(al1Ehatic) H (paraffinic) H(aromatic) 
= 
.9361 
. 9310 
75 
n 
32 
39 
39 
(roughly) fracti on of benzylic and ether-alpha H'S 
NOTE : Size and sign of coefficients suggest a strong 
benzylic H peak predicts higher fluidity. 
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It would have been more accurate to have defined the 
O -1 absorbances near 00 cm as the sum of three components, 
each with a distinct extinction coeffic ient. Variations in 
the aromatic su~stitution among the coal sample sets would 
have resulted in different calibration curves. 
In the case of lH NMR analysis, the sample sets used 
are dilute samples. This gave rise to fairly high noise 
level in the lH NMR spectra obtained. There are also some 
interferences from decomposition products in the sample. At 
very high temperatures , such as the one used in the extraction 
work, THF undergoes decompos ition. Therefore, some of the 
decompos ition products might have been from decomposed THF 
solvent. In addition, we have been selectively looking at 
benzylic hydroaromatic hydrogen and aliphat ic hydrogen on 
the NMR spectrum. While these mig ht have been the principal 
predictors of plasticity in coal s , some evidences do not 
support characterizing them as the sole determinant of plastic 
behaviors in coals. Consequently, we might have selectively 
b locked out other determinants of plasticity in coals by 
our NMR analysis . 
While the extracts are not duly exposed to air, no 
extra precautions were taken to preculude oxygen from the 
extracts after THF solvent was removed. As pointed out in 
the historical section, oxidation does affect plasticity . 
The FT-IR and lH NMR analyses of the THF extracts impli es 
the differences between high plastic coal and low plastic 
coal do not reside in gross chemical differences between 
their THF extractable fractions . 
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CHAPTER VI 
SUMMARY 
The goal of this r esearch was to study the possibility 
of FT-IR and NMR data derived from THF extracts to predict 
plasticity in bituminous coals. 
Plastici ty is a phenomenon of coal which is not 
completely understood. Some bituminous coals, upon heating, 
go through a softening and swelling state before they 
resolidify. This softening and swelling· state is called 
the plastic state of coal. The plastic state usually occurs 
around 450°C a nd is concurrent with the thermal decompo-
sition of coal. Only bituminous coals exhibit to the same 
de ree, however. 
The current popular me chanism is attributed to 
Richa~d Neavel. (7) He stated that it is the bitumen in the 
coal that is responsible for initiating the plasticity 
process . Tetrahydrofuran removes the bitumen of the coal. 
It is a well known fact that plasticity can be correlated 
to the measure of the total aliphatic C-H content of a 
bituminous coal. It is logical to assume, then, that analysis 
of the THF extract for C-H content would be an indicator of 
the degree of plasticity in a coal. 
Forty coals were extracted using THF as the solvent. 
THF was chosen because it is a good solvent for coals and 
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is easily removed after the extraction process. The extracts 
were analyzed for the C-H content by using FT-IR and NMR 
spectroscopy. 
Statistical analyses show tha" the correlations between 
FT-IR and NMR data and Gieseler ASTM maximum observed 
fluidity a r e poor . These data are not sufficiently consistent 
to support a clear conclusion . 
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